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Sir: 

This Reply Brief is submitted in response to the Examiner's Answer mailed from the U.S. 
Patent and Trademark Office on February 22, 2005, for the above-referenced patent application. 
The issues are addressed in the order in which they were raised in the Examiner's Answer. 
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Issues and Claims Appealed 

The Examiner is correct in that the claims on appeal are Claims 3-5, 7-9 and 12-14. The 
Examiner has also correctly set forth appealed Claim 9. 

Appellant's Attorney acknowledges with thanks that one of the rejections of Claims 3-5, 
7-9 and 12-14 under 35 U.S.C. 1 12, first paragraph (Issue 1) has been withdrawn. The remaining 
issues (Issue 2 and 3) are discussed below. 
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Issue 2 Rejection of Claims 3-5. 7-9 and 1244 under 35 U.S.C. 1 12, first paragraph 

The Examiner has maintained the rejection of Claims 3-5, 7-9 and 12-14, under 35 U.S.C. 
1 12, first paragraph, stating that the Specification "did not reasonably provide enablement for a 
method of delivering any agent of interest across a luminal surface of vascular endothelium from 
one side of an underlying cell to another side in a tissue specific manner by binding to a 
component of caveolae on the luminal surface of the vascular endothelium in a tissue" 
(Examiner's Answer, p. 4). In particular, the Examiner has stated that identification of Mab 833 
as a rat lung specific binder to a rat long specific component of caveolae was a hoped for but 
unexpected event, because "this type of effective specificity had not been previously attained" 
(Examiner's Answer, p. 5). 

Appellant respectfiiUy disagrees with this assessment. It is clear that Appellant has 
demonstrated the first 'proof of principle' that it is possible to target and deliver agents into 
and/or across a luminal surface of vascular endothelium in a tissue-specific manner. No one has 
previously demonstrated such delivery. However, it has been established previously that 
caveolae differ from tissue to tissue, and that certain proteins may be expressed primarily or 
solely in caveolae of certain types of tissues. See, for example. Tang, Z. et al., (J. Biol. Chem. 
271(4):2255-61 (1996)), who indicate inter alia that caveolin-3 is expressed predominantly m 
muscle, attached hereto as Exhibit A; Feron, O. et al, (J. Biol. Chem 272(27): 17744-8 (1997)), 
who mention antibodies to different tissue-specific types of caveolin, and also describe dynamic 
targeting of m2 muscarinic acetylcholine receptor to caveolae in cardiac myocytes, attached 
hereto as Exhibit B; and Scherer, P.E. et al., (J. Biol Chem. 272(46):29337-46 (1997)) who 
describe cell-type and tissue-specific expression of caveolin-2, attached hereto as Exhibit C. One 
of ordinary skill in the art would thus be aware that caveolae components can be tissue-specific. 
In view of these considerations, Appellants reiterate that undue experimentation would not be 
required to make and utilize agents that bind and localize to a component of caveolae in a tissue- 
specific manner, for use in the methods of the invention. One of ordinary skill in the art, using 
no more than routine experimentation, would be able to apply the methods of the invention to 
other antibodies or agents of interest which bind to and localize to components of the caveolae, 
for tissue-specific targeting of agents. 
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It should also be noted that actual reduction to practice is not required to prove 
enablement (In re Gould v, Quigg, 822 F.2d 1074, 1078, 3 USPQ 2d 1302, 1304 (Fed. Cir. 
1987)), and that case law has indicated that a specification need not contain an example if the 
invention is otherwise disclosed in such a manner that one skilled in the art will be able to 
practice it without an undue amount of experimentation. In re Borkowski, 422 F,2d 904, 908, 
164 USPQ 642, 645 (CCPA 1970). No undue experimentation is required to make and use the 
invention as claimed. Appellants describe all the necessary characteristics of the agent, namely 
that the agent must bind to a component of caveolae of the luminal surface of the vascular 
endothelium. One of ordinary skill in the art would be able to practice the invention using a 
variety of agents, using no more than routine experimentation. Thus, Appellant asserts that the 
claims are in fact enabled and respectfully request removal of the rejection. 

Issue 3: Rejection of Claims 3-5. 7-9. 12-14 under 35 U.S.C. 1 12. first paragraph 

The Examiner also maintained the rejection of Claims 3-5, 7-9 and 12-14 under 35 
U.S.C. 1 12, first paragraph, stating that "[t]he written description in this case only sets forth a 
method of delivering an agent of interest comprising Mab 833 across a luminal surface of 
vascular endothelium from one side of an underlying cell to another side by binding to a 
component of caveolae, a 90 kDa antigen, on the luminal surface of the vascular endothelium..." 
(Examiner's Answer, p. 6). The Examiner additionally states that the application could meet the 
written description requirement if it provided a description of sites at which tissue specific 
caveolae are found, for example. 

Appellant notes that it is not the caveolae themselves that are tissue-specific, but that 
certain components of caveolae are tissue-specific. Caveolae are well-defined cellular structures 
that are easily isolatable using methods known to those of ordinary skill in the art. Furthermore, 
as described above, several proteins are known to be primarily or exclusively found in caveolae 
of certain tissues. The antigens themselves, as well as their characteristics, will vary depending 
on the caveole of the tissue in which they are found. One of ordinary skill in the art, given the 
description in the application and the state of the art, would understand that a variety of antigens 
are present in caveolae in a tissue-specific manner, and would be able to make and use agents 
that bind to them (e.g., antibodies) using routine experimentation, for use in the methods of the 



10/056,230 



invention. In view of these considerations, the subject matter of the claims is sufficiently 
described in the specification to enable one of ordinary skill in the art to imderstand what is 
encompassed by the claims, and to practice the claimed invention without undue 
experimentation. . 

CONCLUSION 

For the reasons presented above and in Appellant's Brief On Appeal, Appellant 
respectfully requests the Board of Patent Appeals and Interferences to reverse all of the rejections 
currently maintained by the Examiner in the above-identified application. 
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Caveolin, a 21-24-kDa integral membrane protein, is a 
principal component of caveolar membranes in vivo, 
Caveolin interacts directly with heterotrimeric G-pro- 
teins and can functionally regulate their activity. Re- 
cently, a second caveolin gene has been identified and 
termed caveolin-2. Here, we report the molecular clon- 
ing and expression of a third member of the caveolin 
gene family, caveolin-3. Caveolin-3 is most closely re- 
lated to caveolin- 1 based on protein sequence homology; 
caveolin-1 and caveolln-3 are -65% identical and -85% 
similar. A single stretch of eight amino acids (FED- 
VIAEP) is identical in caveolin-1, -2, and -3. This con- 
served region may represent a **caveolin signature se- 
quence" that is characteristic of members of the 
caveolin gene family. Caveolin-3 mRNA is expressed pre- 
dominantly in muscle tissue types (skeletal muscle, dia- 
phragm, and heart) and is selectively induced during 
the differentiation of skeletal C2C12 myoblasts in cul- 
ture. In many respects, caveoUn-3 is similar to caveo- 
lin-1: (i) caveolin-3 migrates in velocity gradients as a 
high molecular mass complex; (ii) caveolin-3 colocalizes 
with caveolin-1 by immunofluorescence microscopy and 
cell fractionation studies; and (iii) a caveolin-3-derived 
polypeptide functionally suppresses the basal GTPase 
activity of purified heterotrimeric G-proteins. Identifi- 
cation of a muscle-specific member of the caveolin gene 
family may have implications for understanding the role 
of caveolin in different muscle cell types (smooth, car- 
diac, and skeletal) as previous morphological studies 
have demonstrated that caveolae are abundant in these 
cells. Our results also suggest that other as yet unknown 
caveolin family members are likely to exist and may be 
expressed in a regulated or tissue-specific fashion. 
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Caveolae are flask-shaped plasma membrane invaginations 
(1). They are most conspicuous in adipocytes, endothelial cells, 
muscle cells, and fibroblasts, but are thought to exist in most 
cell types (2). The exact cellular function of caveolae remains 
unknown, although they have been implicated in endothelial 
transcytosis (3). potocytosis (4), and signal transduction (re- 
viewed in Refs. 5 and 6). Purification of caveolae-enriched 
membrane fractions reveals several distinct classes of lipid- 
modified signaling molecules, including heterotrimeric G-pro- 
telns (a- and P7-subunits) . Src-like kinases, and Ras-related 
GTPases (7-13). Based on these observations, we have pro- 
posed the "caveolae signaling hypothesis." which states that 
compartmentalization of certain cytoplasmic signaling mole- 
cules within caveolar membranes could allow rapid and effi- 
cient coupling of activated receptors to more than one effector 
system (5, 7). 

A 22-kDa integral membrane protein termed caveolin is a 
principal component of caveolae in vivo (14). Caveolin may act 
as a scaffolding protein within caveolar membranes. Caveolin 
exists as a high molecular mass homo-oligomer (-14-16 mo- 
nomeric units per oligomer) (15, 16). and these purified caveo- 
lin homo-oligomers have the capacity to self-associate into 
caveolae-like structures (15). In this regard, caveolin could 
serve as an oligomeric docking site for organizing and concen- 
trating certain caveolin-interacting proteins (such as heterotri- 
meric G-proteins) within caveolae (17). Caveolin interacts di- 
rectly with G-protein a-subunits. Residues 82-101 of caveolin 
are most critical for this interaction, and a caveolin-derived 
polypeptide encoding these residues functionally suppresses 
the basal GTPase activity of purified heterotrimeric G-pro- 
teins, acting as a GDP dissociation inhibitor (GDI)^ (17). Also, 
caveolin rapidly undergoes tyrosine phosphorylation in re- 
sponse to insulin stimulation and thus could serve as a regu- 
lated docking site for SH2 domain-containing molecules (18). 

Caveolin appears to be important for the formation of caveo- 
lar membranes as caveolin expression levels correlate very well 
with the morphological appearance of caveolae. For example, (i) 
caveolin is most abundant in cell types that contain numerous 
caveolae. i.e. adipocytes, endothelial cells, smooth muscle cells, 
and fibroblasts (19); (ii) caveolin and caveolae are both induced 
-10-25-fold during the differentiation of 3T3-L1 fibroblasts to 
the adipocyte form (20, 21); and (iii) caveolin levels are dramat- 



' The abbreviations used are: GDI. GDP dissociation inhibitor; 
MOCK. Madin-Darby canine kidney: Mes, 4-morpholineethanesul- 
fonic acid; MBS, Mes-buffered saline: PBS. phosphate-buffered 
saline; GAP, GTPase-activating protein; GTP7S. guanosine 
5 ' - 0-(3-thiotriphosphate) . 
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ically reduced and caveolae are morphologically absent in cells 
transformed by various activated oncogenes, including w-abi 
and activated ras (22). However, there are certain cell lines 
that morphologically contain caveolae, but fail to express 
caveohn (7). This finding has suggested that other caveolin- 
related proteins may exist that are immunologically distinct 
from caveolin. 

Two discrete isoforms of caveolin are known to exist: a-caveo- 
lin contains residues 1-178, while /3-caveolin contains residues 
32-178 (23), These isoforms are derived from a single gene 
through alternate initiation during translation. More specifi- 
cally, methionine 32 serves as an internal translation initiation 
site to generate ^-caveolin (23). Although these two isoforms 
are functionally identical in many respects, they assume a 
distinct but overlapping subcellular distribution within a 
single cell (23), and only j3-caveolin is phosphorylated on serine 
residues in vivo (21), Thus, coexpression of a- and /3-caveolins 
may serve to generate or mark distinct subpopulations of 
caveolae that are differentially regulated by an unknown 
caveolin-associated serine kinase (23). 

A second mechanism exists for generating caveolin diversity. 
A novel caveolin-related protein has recently been identified. 
This protein, termed caveolin- 2, is the product of a separate 
gene (24). Thus, caveolin (re-termed caveolin- 1) is the first 
member of a multigene family. As both caveolin- 1 and caveo- 
lin-2 have a relatively restricted tissue distribution (24), this 
suggested to us that other caveolin genes should exist. 

Here, we report the molecular cloning, sequence, and tissue- 
specific expression of a third novel member of the caveolin gene 
family, caveolin-3. The current discovery of tissue-specific 
caveolin genes may end or at least alter the debate regarding 
the existence of caveolae without caveolin. Thus, a lack of 
caveolin expression (now known as caveolin- 1) may simply 
reflect tissue-specific expression of different caveolin genes for 
which the appropriate probes have not yet been generated. 

EXPERIMENTAL PROCEDURES 

Materials— A monoclonal antibody (2297) directed against caveolin- 1 
was the generous gift of Dr. John R. Glenney (Transduction Laborato- 
ries. Lexington. KY). A rabbit polyclonal antibody directed against the 
C-terminal 44 amino acids of caveolin-l (residues 135-178) was as 
characterized previously (23). This antibody specifically recognizes both 
a- and /3-isoforms of caveolin-l. but does not recognize caveolin-2 or 
caveolin-3. The monclonal antibody 9E10 was provided by the Harvard 
Monoclonal Antibody Facility (Cambridge. MA). A variety of other 
reagents were purchased commercially: purified rat genomic DNA (Pro- 
mega), a rat heart AgtU cDNA library (CLONTECH). fetal bovine 
serum (JRH Biosciences), prestained protein markers (Life Technolo- 
gies. Inc.). and Slow-Fade anti-fade reagent (Molecular Probes. Inc.. 
Eugene. OR). Peptide synthesis was performed by the Biopolymers 
Facility at the Massachusetts Institute of Technology. 

Northern Analysis of Tissues and cDNA Cloning— mRNA isolation 
from tissues as well as agarose gel electrophoresis and transfer to nylon 
membranes were performed as described (25). Hybridizations were 
performed in 50% formamide. 5 x SSC. 25 mM sodium phosphate. pH 
7.0. 10 X Denhardt's solution. 5 mM EDTA. 1% SDS. 0.1 mg/ml poly(A) 
at 42 °C overnight and subsequently washed in 2 X SSC, 0.1% SDS and 
in 0.5 X SSC, 0.1% SDS at 50 "C. Radiolabeled DNA concentrations 
were at 2 X 10*^ cpm/ml. To obtain the rat caveolin-3 cDNA. a rat heart 
cDNA library (Agtl 1) was screened using a polymerase chain reaction- 
generated probe (see "Results") essentially as described previously for 
caveolin-l (26). Automated DNA sequencing was performed by the 
Molecular Biology Core Facility at the Dana-Farber Cancer Institute. 

Culture and Differentiation of C2C12 Skeletal Myoblasts-C2Ci2-3 
cells (27) were derived from a single colony of C2C12 cells (28) cultured 
at clonal density and display a more stable phenotype than the parental 
cell line. C2C12-3 myoblasts were cultured as described elsewhere (27). 
Briefly, proliferating C2C12-3 cells were cultured in high mitogen me- 
dium (Dulbecco's modified Eagle's medium containing 15% fetal bovine 
serum and 1% chicken embryo extract) and induced to differentiate at 
confluence in low mitogen medium (Dulbecco's modified Eagle's me- 
dium containing 3% horse serum). Overt differentiation was indicated 



by the assembly of multinucleated syncytia, which commenced 36-48 h 
after the cells were switched to low mitogen medium. For Northern 
analysis, mRNA was isolated from proliferating C2C12-3 myoblasts in 
high mitogen medium at 50% confluence or from differentiated cells 
cultured at confluence in low mitogen medium for 48 h (27), Total 
cellular RNA was extracted with guanidine isothiocyanate and isolated 
by cesium chloride density centrifugation (29). mRNA was enriched by 
oligo(dT) -cellulose affinity chromatography and resolved by formalde- 
hyde gel electrophoresis (30). 

Recombinant Expression and Selection of Stable Ceil Lines— An 
epltope-tagged form of caveolin-3 was subcloned into the MCS of the 
vector pCB7 (containing the hygro"* marker; gift of J. Casanova, 
Massachusetts General Hospital) for expression in COS-7 or MDCK 
cells. The /n>'c epitope tag was incorporated into the C terminus (caveo- 
lin-3-GG EQKLISEEDLN) of the cloned rat caveolin-3 cDNA using po- 
lymerase chain reaction primers; GO was placed as a spacer between 
the epitope and the caveolin-3 coding sequences, as performed previ- 
ously for caveolin-l and caveolin-2 (23. 24. 31. 32). Constructs were 
transiently transfected into COS-7 cells by the DEAE-dextran method 
(33). In addition, MDCK cells were stably transfected using a modifi- 
cation of the calcium phosphate precipitation procedure, as we de- 
scribed previously (13. 23). After selection in medium supplemented 
with 400 iJLg/m\ hygromycin B. resistant colonies were picked by 
trypsinization using cloning rings. Individual clones were screened by 
immunofluorescence and immunoblotting. Caveolin-3 expression in 
MDCK cells was detected using monoclonal antibody 9E10. which rec- 
ognizes the myc epitope (EQKLISEEDLN). 

Velocity Gradient Centrifugation— Estimation of the molecular mass 
of caveolin-3 was performed as described previously for caveolin-l (15). 
Briefly, samples were dissociated by incubation with 500 /llI of Mes- 
buffered saline (MBS; 25 mM Mes. pH 6.5. 0. 1 5 m NaCl) plus 60 mM octyl 
glucoside. Solubilized material was then loaded atop a 5-40% linear 
sucrose gradient (4.3 ml) and centrifuged at 50.000 rpm (-340.000 X ^ 
for 10 h in an SW 60 rotor (Beckman Instruments). Note that the entire 
gradient was prepared in MBS plus 60 mM octyl glucoside. After cen- 
trifugation, gradient fractions were collected from the top. Molecular 
mass standards for velocity gradient centrifugation were as follows: 
carbonic anhydrase (29 kDa). bovine serum albumin (66 kDa), alcohol 
dehydrogenase (150 kDa). /3-amylase (200 kDa). and apoferritin (443 
kDa) (Sigma). 

Immunofluorescence— AW reactions were performed at room temper- 
ature. COS-7 cells (cotransfected with cDNAs for caveolin-l and caveo- 
lin-3) were briefly washed three times with PBS and fixed for 45 mln in 
PBS containing 3% paraformaldehyde. 10 mM NaI04. and 70 mM lysine 
HCl. Fixed cells were rinsed with PBS and treated with 100 mM NH4CI 
in PBS for 10 min to quench free aldehyde groups. Cells were then 
permeabilized with 0.1% Triton X-100 for 10 min either at room tem- 
perature or on ice and washed with PBS (four times, 10 min each). The 
cells were then successively incubated with PBS. 2% bovine serum 
albumin containing the following: (i) 50 ^itg/ml each of normal goat IgG 
and donkey IgG. (ii) a 1:300 dilution of monoclonal antibody 9E10 and 
40 {Jig/m\ anti-caveolin-1 C terminus-specific polyclonal IgG. and (iii) 
lissamine rhodamine B sulfonyl chloride-conjugated goat anti-mouse 
antibody (5 /Ag/ml) and fluorescein isothiocyanate-conjugated donkey 
anti-rabbit antibody (5 ^g/m\). The first incubation was for 30 min. 
while primary and secondary antibody reactions were for 60 min each. 
Cells were washed three time with PBS between incubations. Slides 
were mounted with Slow-Fade anti-fade reagent and observed under a 
Bio-Rad MR600 confocal fluorescence microscope. 

Ceil Fractionation— MDCK cells (recombinantly expressing caveo- 
lin-3) were grown to confluence in 150-mm dishes and used to prepare 
caveolin-enriched membrane fractions essentially as described (7, 8, 2 1 . 
34). Briefly. MDCK cells from a confluent 150-mm dish were scraped 
into 2 ml of MBS containing 1% Triton X-lOO and 1 mM phenylmethyl- 
sulfonyl fluoride. Homogenization was carried out initially with 10 
strokes of a loose-fitting Dounce homogenizer. followed by a Polytron 
tissue grinder (three 10-s bursts; Brinkmann Instruments). The homo- 
genate was adjusted to 40% sucrose by addition of 2 ml of 80% sucrose 
prepared in MBS and placed at the bottom of an ultracentrifuge tube. A 
5-30% linear sucrose gradient was formed above the homogenate and 
centrifuged at 39.000 rpm for 16-20 h in an SW 41 rotor (Beckman 
Instruments). A light-scattering band confined to the 15-20% sucrose 
region was harvested, diluted 3-fold with MBS. and pelleted in a mi- 
crocentrifuge (14.000 X g, 15 min, 4 °C). The majority of protein re- 
mained within the 40% sucrose region of the gradient. Approximately 
4-6 /xg of caveolin-enriched domains were obtained from one 150-mm 
dish of MDCK cells represenUng 10 mg of protein, a yield of -0.05% 
relative to the homogenate. We (7, 8, 13. 21) and others (34. 35) have 
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Fig. 1. Northern blot analysis of the tissue distribution of 
caveolin-3. Each lane contains 1 pig of polyCA)* RNA prepared from a 
given tissue. Blots were probed with the caveolin-1 cDNA, stripped, and 
reprobed with caveolin-3. Caveolin-1 and caveolin-3 mRNAs have dif- 
ferent transcript sizes: -2.5 kilobases for caveolin-1 and ~1 .2 kilobases 
for caveolin-3. After the initial hybridizations, the blot was stripped and 
reprobed with a cytosolic hsp70 cDNA as a control for equal loading (as 
we published previously (21)). 

demonstrated that these domains exclude a variety of organelle-specific 
membrane markers (for the endoplasmic reticulum. Golgi apparatus, 
lysosomes. mitochondria, and non-caveolar plasma membrane), but are 
dramatically enriched '-2000-fold in caveolin-1, a caveolar marker 
protein. 

Immunoblotting of Gradient Fractions— Gradient fractions were sep- 
arated by SDS-polyacrylamide gel electrophoresis (10% acrylamide) 
and transferred to nitrocellulose. After transfer, nitrocellulose sheets 
were stained with Ponceau S to visualize protein bands and subjected to 
immunoblotting with anti-caveolin-1 IgG (monoclonal antibody 2297; 
1:400) or with 9E10 ascites (1:500) to visualize myc-tagged caveolin-3. 
For immunoblotting, incubation conditions were as described by the 
manufacturer (Promega and Amersham Corp.). except we supple- 
mented our blocking solution with both 1% bovine serum albumin and 
1% non-fat dry milk (Carnation). The amount of caveolin-1 and caveo- 
lin-3 that remains associated with caveolin-enriched fractions was es- 
timated by immunoblotting as described (8). Quantitation was per- 
formed with a Molecular Dynamics computing densitometer. To ensure 
that these estimates were made in the linear range, we used multiple 
autoradiographic exposures and monitored their linearity using the 
densitometer essentially as described (36). 

GTP Hydrolysis Assays— Tvimeric 0,2 purified from bovine spleen 
was provided by T. Asano (37). Trimeric purified from bovine brain 
was provided by T. Haga (38). Steady-state GTP hydrolysis activity was 
examined as we described previously (39), Briefly, the assay was per- 
formed for 20 mln at 37 ''C in the presence of 20 ^lM Mg^"^ with 10 nM 
G-protein. The caveolin-3-derived polypeptide contained the sequence 
DGVWRVSYTTFTVSKYWCYR. corresponding to amino acids 55-74 of 
caveolin-3. 

RESULTS 

Identification and MoiecuJar Cioning of the cDNA for Caveo- 
lin-3— To identify other putative nnembers of the caveolin gene 
family, the protein sequence of caveolin- 1 was used to search 
existing data bases. Through this approach, a rat genomic 
sequence (--350 nucleotides in length; GenBank™ accession 
number U 15280) was identified that could potentially encode 
part of a novel caveolin-related protein. This short genomic 
sequence was present 3' to the last exon of the rat oxytocin 
receptor gene and in the opposite orientation to the coding 
sequence for the oxytocin receptor. Oligonucletide primers 
f5'-CCGCCCGAATTCAT GATGTGATTGCGGACCGCGAG -3^ 
and S^rCGGCCGGATCCAT CACCTTAATGTTGCTCCAG- 
AC-3'; EcoKl and BamHl restriction sites are in boldface, and 
target sequences are underlined) were designed and used to 
amplify this nucleotide sequence from purified rat genomic 
DNA by polymerase chain reaction. A fragment of the expected 
size was subcloned into the MCS of pBIuescrlpt II KS**", and its 
identity was verified by DNA sequencing. 

Fig. 1 shows the tissue distribution of an - 1 .2-kilobase 
mRNA species that specifically hybridizes at high stringency 
with this novel genomic sequence. This mRNA is present only 
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Fig. 2. Deduced protein sequence of rat caveo!in-3. The protein 
sequence of rat caveolin-3 is compared with the icnown sequences of rat, 
chick, mouse, dog, and human caveolin- 1 and with human caveolin-2. 
Residues identical to caveolin-3 are boxed. The position of the G-pro- 
tein-binding region of caveolin-1 is overlined, the position of the hydro- 
phobic membrane-spanning region is indicated by a boldface overline. A 
conserved methionine residue (an alternate start site in caveolin-1) and 
three conserved cysteine residues (sites of palmitoylation in caveolin-1) 
are indicated by the pound sign and asterisks, respectively. 

in skeletal muscle, diaphragm, and heart, suggesting muscle- 
specific expression of this novel gene product. The distribution 
of caveolin-1 mRNA is shown for comparison. In contrast, 
caveohn-1 mRNA is -2.5 kilobases and is most highly ex- 
pressed (in descending order) in white adipose tissue, lung, and 
muscle tissues. Thus, this presumptive caveolin-related protein 
appeared distinct from caveolin-1 in its mRNA size and tissue 
distribution. Also, it is important to note that detection of 
caveolin-1 mRNA within skeletal muscle tissue reflects its ex- 
pression within the endothelial cells of the muscle tissue, but 
not in the muscle cells themselves (see "Discussion" for a more 
detailed explanation). 

To obtain the full-length cDNA, this polymerase chain reac- 
tion-generated genomic probe was used to screen a rat heart 
cDNA library (Agtll). Five independent positive clones were 
obtained from screening -ex 10^ recombinant phage. Fig. 2 
shows the predicted translation product of one of these positive 
cDNA clones. This full-length clone contained the same DNA 
sequence that was present within the probe used for screening. 
The open reading frame encodes a protein of 151 amino acids 
with a predicted molecular mass of 17,403.9 Da. It is smaller 
than rat caveolin-1, which is 178 amino acids and has a pre- 
dicted molecular mass of 20.408,2 Da, We termed this protein 
caveolin-3. Data base searches with the deduced protein se- 
quence of caveolin-3 revealed significant identity only to caveo- 
lin-1 and caveolin-2, but not to any other known proteins. 

An alignment of sequences of rat caveolin-3 with caveolin-1 
and caveolin-2 shows that caveolin-3 is more similar to caveo- 
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Fig. 3. Induction of caveolin-3 mRNA during tlie differentia- 
tion of C2C12 slceletal myoblasts. Each lane contains ~4 of 
poly(A)^ RNA prepared from proliferating [Pj or differentiated (D) 
C2C12 skeletal myoblasts. After initial hybridization with the cDNA for 
caveolin-3, the blot was stripped and reprobed with the ribophorin I 
cDNA as a control for equal loading and the troponin I (fast isoform) 
cDNA as a positive control for slceletal myoblast differentiation. 



lin-1 than to caveolin-2 (Fig. 2). Specifically, caveolin-1 and 
caveolin-3 are -^65% identical and -*85% similar based on 
conservative amino acid substitutions. A single stretch of eight 
amino acids (FEDVIAEP) is identical in caveolin-1. -2, and -3. 
This conserved region may represent a "caveolin signature 
sequence" that is characteristic of members of the caveolin gene 
family. In addition, the three cysteine residues that undergo 
palmitoylation in caveolin-1 (Fig. 2, see asterisks) (32) are 
absolutely conserved in caveolin-3, but not in caveolin-2. This 
suggests that caveolin-3 may be palmitoylated at these resi- 
dues as well. Like caveolin- 1 , caveolin-3 contains a 33-amino 
acid membrane-spanning segment and a 44-amino acid C-ter- 
minal domain. However, the N-terminal domain of caveolin-3 is 
shorter than that of caveolin-1 by 27 amino acids. This fits well 
with the observation that two isoforms of caveolin-1 are gener- 
ated by alternate translation initiation sites (methionines 1 
and 32), yielding two protein products that differ in their ex- 
treme N terminus: caveolin- la encoding residues 1-178 and 
caveolin- 1/3 encoding residues 32-178 (23). Thus, caveolin- 1/3 
(147 amino acids) is approximately the same length as caveo- 
lin-2 (149 amino acids) and caveolln-3 (151 amino acids). 

Caveolin-3 Is Induced during Differentiation of Skeletal Myo- 
blasts in Culture— AiS caveolin-3 mRNA is most highly ex- 
pressed in muscle tissue types (Fig. 1). we used C2C12 cells to 
examine if caveolin-3 expression is regulated during skeletal 
muscle differentiation. Cultured C2C12 cells offer a convenient 
system to study skeletal myoblast differentiation. These cells 
can be induced to differentiate from myoblasts into myotubes 
bearing an embryonic phenotype in low mitogen medium over 
a period of 2 days. As a positive control for differentiation, the 
expression of troponin I mRNA (fast isoform) was also moni- 
tored. The fast isoform of troponin I is expressed only in skel- 
etal muscle cells, but not in cardiac muscle or other tissues (40). 
The constitutive expression of ribophorin I mRNA was moni- 
tored as a control for equal loading. 

Compared with the constitutive expression of ribophorin I 
mRNA, caveolin-3 mRNA was undetectable in precursor myo- 
blasts and strongly induced during myoblast differentiation 
(Fig. 3). Troponin I mRNA was dramatically induced to a sim- 
ilar extent as caveolin-3. These results are consistent with the 
selective expression of caveolin-3 mRNA in skeletal muscle and 
other muscle tissues (Fig. 1) and suggest that caveolin-3 may 
function in muscle from the earliest stages of its development. 
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Fig. 4. Recombinant expression of caveolln-3. A. expression of 
m/c-tagged caveolin-3 In CC5S-7 cells yielded a protein product of the 
expected molecular mass (-18-20 kDa). U. mock-transfected control; 
T. transfectants expressing caveolin-3. B, velocity gradient analysis of 
caveolin-3. Cells expressing /nyc-tagged caveolin-3 were solubilized. 
loaded atop a 5-40% sucrose gradient, and subjected to centrifugation 
for 10 h as we described previously for caveolin-1 (15). Note that 
caveolin-3 migrates mainly in fractions 6 and 7. identical to the migra- 
tion of caveolin-1 shown for comparison. Arrows mark the positions of 
molecular mass standards. In A and 5, expression of caveolin-3 was 
detected by Immunblot analysis with monoclonal antibody 9E10. which 
recognizes the //lyz: epitope (EQKLISEEDLN); caveolin-1 was detected 
using monoclonal antibody 2297. 

Recombinant Expression of Caveolin-3— To study the prop- 
erties of caveolin-3, we recombinantly expressed a /Tjyic epitope- 
tagged form of the protein. Caveolin-1 tagged with the wye 
epitope is functionally indistinguishable from endogenous 
caveolin-1 (23, 31, 32). Fig. A A illustrates recombinant expres- 
sion of /Tjyc-tagged caveolin-3. Expression of caveolin-3 yielded 
a protein product of the expected molecular mass (—18-20 
kDa) that was slightly smaller than caveolin-1. 

Caveolin-1 exists as an ~350-kDa homo-oligomer containing 
—14-16 monomers per oligomer as shown using several ap- 
proaches including velocity gradient centrifugation (15. 16). 
Oligomerization activity is localized to residues 61-101 of the 
cytoplasmic N-terminal domain of caveolin-1 (15); this 41- 
amino acid sequence is sufficient to confer oligomerization of 
the same stoichiometry upon a fusion protein (15), As only 
seven amino acid changes occur in this 41 -amino acid stretch 
between caveolin-1 and caveolin-3 and six out of seven of these 
changes are conservative substitutions, caveolin-3 might also 
form well-defined high molecular mass homo-oligomers. To test 
this hypothesis, we used an established velocity gradient sys- 
tem developed previously to study oligomers of caveolin-1 (15). 
Like caveolin- 1, caveolin-3 migrated as a high molecular mass 
complex between the 200- and 443-kDa molecular mass stand- 
ards (Fig. 45). In contrast, several other integral membrane 
proteins migrate at their expected monomeric molecular mass 
in these same velocity gradients (15). 

The immunostaining pattern obtained with caveolin-3 is 
shown in Fig. 5 and is very similar to immunostaining patterns 
observed previously for caveolin-1 and caveolin-2 (7, 9, 14, 23. 
24, 31). Many small micropatches are present throughout the 
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Fig. 5. Immunolocalization of caveolin-1 and caveolin-3 
within a single cell, COS-7 cells were cotransfected with untagged 
caveolin-1 and nj/c-tagged caveolln-3. Cells expressing both caveolin 
gene products were selected for imaging by confocal laser fluorescence 
microscopy. Caveolin-1 expression was detected with a rabbit polyclonal 
IgG probe that specifically reacts only with caveolin-1; caveoUn-3 
expression was detected with monoclonal antibody 9E10, which re- 
cognizes the myc epitope. Control experiments employing singly 
transfected populations of COS-7 cells confirmed the specificity of 
these antibodies; no cross-reaction was observed (data not shown). 
Bound primary antibodies were visualized by incubation with distinctly 
tagged fluorescent secondary antibodies (fluoresce in-conjugated for 
caveolin-1 and rhodamine-conjugated for caveolin-3; see "Experimental 
Procedures"). 

cell and along the cell surface. In addition, double-labeling 
experiments employing cells cotransfected with caveolin-1 and 
caveolin-3 demonstrate significant colocalization of these two 
distinct gene products (Fig, 5). 

To further examine the colocalization of caveolin-1 and 
caveolin-3, we stably expressed caveolin-3 in MDCK cells, 
which contain endogenous caveolin-1. To separate membranes 
enriched in caveolin-1 from the bulk of cellular membranes and 
cytosolic proteins, an established equilibrium sucrose density 
gradient system was utilized (7,8, 12, 13. 17, 18,21,23,34,35. 
41). In this fractionation scheme, immunoblotting with anti- 
caveolin-1 IgG can be used to track the position of caveola- 
derived membranes within these bottom-loaded sucrose gradi- 
ents. Using this procedure, caveolin-1 is purified -2000-fold 
relative to total cell lysates as "-4-6 /ig of caveolin-rich do- 
mains (containing -90-95% of total cellular caveolin-1) are 
obtained from 10 mg of total MDCK proteins (13, 17). We (7. 8) 
and others (21) have shown that these caveolin-rich fractions 
exclude >99.95% of total cellular proteins and also markers for 
the non-caveolar plasma membrane, Golgi apparatus, lyso- 
somes, mitochondria, and endoplasmic reticulum. Fig. 6 illus- 
trates that in this fractionation scheme, -90-95% of both 
caveolin-1 and caveolin-3 cofractionate and are targeted to the 
same low density fractions, suggesting that they colocalize to 
similar areas of the plasma membrane. This is consistent with 
results demonstrating their colocalization by fluorescence mi- 
croscopy in intact cells (Fig. 5) . 

A CaveoIin-3-denved Polypeptide Functionally Affects the 
GTPase Activity of Purified Heterotrimeric G-profei/75— Caveo- 
lin-1 functionally interacts directly with G-protein a-subunits 
(17). Residues 82-101 of caveolin-1 are most critical for this 
interaction, and a caveolin-1 -derived polypeptide encoding 
these residues can functionally suppress the basal GTPase 
activity of purified heterotrimeric G-proteins, apparently by 
inhibiting GDP/GTP exchange (17), Thus, this caveolin-1 -de- 
rived peptide acts as a GDI for heterotrimeric G-proteins (17). 
This activity requires the complete caveolin-1 sequence from 
residues 82 to 101 as other peptides containing caveoUn-l 
residues 84-92 or 93-101 do not contain GDI activity^; also, a 
polypeptide derived from a caveolin-1 region that is not 
required for G-protein binding (residues 53-81) has no 
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Fig. 6. Subcellular fractionation of MDCK cells recombinantly 
expressing caveolin-3. The distribution of total cellular proteins, 
caveolin-1. and caveolin-3 is shown. One-ml sucrose gradient fractions 
were collected from the top and analyzed by Ponceau S staining {upper 
panels or immunoblotting {Jower panels) . Fractions 1-8 are the 5-30% 
sucrose layer, fractions 9-12 are the 40% sucrose layer, and fraction 13 
is the insoluble pellet. Fractions 9-12 represent the "loading zone" of 
these bottom loaded flotation gradients and contain the bulk of cellular 
membranes and cytosoUc proteins (see "Experimental Procedures"). 
Note that fractions 4 and 5 retain >95% of caveolin- 1 and caveoUn-3 
and exclude -99.95% of total cellular proteins (based on independent 
protein determinations) and markers for the endoplasmic reticulum. 
Golgi apparatus, non-caveolar plasma membrane, mitochondria, and 
lysosomes as shown previously (7, 8. 21). 

effect (17). 

A region that corresponds to caveoUn-l residues 82-101 is 
present within caveolin-3 and is highly conserved (six amino 
acid changes occur in a 20-amino acid stretch; all six changes 
are conservative substitutions) (Fig. 2). Thus, the effect of the 
corresponding caveolin-3-derived polypeptide on the functional 
properties of purified trimeric G-proteins (G^ and G^g) was next 
evaluated. Fig. 7 shows the effect of the caveolin-3-derived 
polypeptide on the turnover number of GTPase activity of pu- 
rified trimeric G-proteins. Like polypeptides derived from 
caveolin-1, this caveolin-3-derived polypeptide dose-depend- 
ently suppressed the GTPase activity of both trimeric G^ and 
Gi2 with IC50 values of 3 and 5 pM, respectively. A 10 fiM 
concentration of this peptide yielded 80% inhibition for G^ and 
total inhibition for G,2. This is the same potency reported 
previously for the caveolin-1 -derived polypeptide (17). How- 
ever, unlike the caveolin-1 -derived polypeptide, lower concen- 
trations of the caveolin-3-derived polypeptide stimulated the 
GTPase activity. The steady-state GTPase activities of G^, and 
Gi2 were dose-dependently stimulated by nanomolar concentra- 
tions with EC50 values of 500 and 300 nM, respectively. Maxi- 
mal stimulation was 1.6- and 1.3-fold over the basal activities 
of G„ and G,2, respectively. These findings are consistent with 
the recent observation that a polypeptide derived from the 
corresponding region of caveolin-2 selectively stimulates the 
GTPase activity of purified trimeric G-proteins. acting as a 
GTPase-activating protein (GAP) (24). Thus, this caveohn-3- 
derived polypeptide has both activities that are found sepa- 
rately in caveolin-1 and caveolin-2. 

DISCUSSION 

Caveolin-3 Joins caveolin-1 and caveolin-2 as the third mem- 
ber of a growing caveolin gene family. As two forms of caveo- 
lin-1 (a- and /3-isoforms) exist (23). there are now four distinct 
caveolin protein products (Fig. 8). 

Caveolin-1. -2, and -3 all have a similar overall structure 
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Fig. 7. Effect of caveoUn-3-derived polypeptides on the basal 
GTPase activity of purified heterotrimeric G-proteins. Upper, 
trimeric G^; lower, trimeric Gi^,. The activity is expressed as a percent- 
age of the basal activity, which was 0.17 ± 0.01 min"' for G^ and 0.05 
± 0.005 min"* for G,z (mean ± S.E.; n - 3). All experiments were done 
independently three times, and the values indicate the means ± S.E. 
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Fig. 8. Schematic diagram summarizing Icnown caveoiin fam- 
ily members. The overall structures of caveoiin- 1 (a- and /3-Isoforms), 
caveolin-2, and caveolin-3 are shown. All four protein products contain 
the invariant sequence FEDVIAEP within their hydrophilic N-terminal 
domains. Note that caveoiin- 1J3 (147 amino acids) is approximately the 
same length as caveolin-2 (149 amino acids) and caveolin-3 (151 amino 
acids): percent similarity and identity of caveolin-2 and caveolin-3 to 
caveolin-1 are shown. GDI and GAP activities are also noted. TM, 
transmembrane domain. 



with a hydrophilic N-terminal domain, a 33-amino acid mem- 
brane-spanning segment, and a 43-44-amino acid hydrophilic 
C-termlnal domain, and all three contain the invariant se- 
quence FEDVIAEP within their N-terminal domains. These 
similarities predict that caveolin-2 and caveoHn-3 should as- 
sume the same hairpin topology as caveolin-1; the N- and 
C-terminal domains of caveolin-1 are known to face the cyto- 
plasm (23, 32, 42). Caveolin-2 and caveolin-3 colocahze with 
caveolin-1 when recombinantly expressed within a single cell 
(caveolin-1 and caveolin-2 (24); caveolin-1 and caveolin-3 (this 
report)), indicating that all three caveolins localize to caveolae. 
Based on sequence homology, caveolin-3 is most closely related 
to caveolin-1 and is most distant from caveolin-2. In accordance 
with this homology, both caveolin-1 (15, 16) and caveolin-3 (this 
report) form high molecular mass oligomers, while only a di- 
meric form of caveolin-2 has been detected (24). 

Caveolin-1 and caveolin-2 are most highly expressed in white 
adipose tissue, and both are Induced during adipocyte differ- 



entiation (21 , 24); caveolin-3 is most highly expressed in muscle 
tissues and is induced during the differentiation of skeletal 
myoblasts in culture. This suggests that caveolin-1 and caveo- 
lin-2 may be very important for adipocyte function, while 
caveolin-3 is important for muscle cell types. The tissue-specific 
expression of different caveoiin genes could help generate the 
formation of caveolae that are tailored to the function of a given 
cell type. For example, smooth muscle cell caveolae remain 
attached to the plasma membrane and are viewed as static 
structures, while endothelial cell caveolae detach from the 
plasma membrane and participate in endocytic and transcy- 
totlc transport events (1). The reason for these cell type-specific 
differences in the behavior of caveolae remains unknown; these 
differences could reflect tissue-specific expression of function- 
ally distinct caveoiin genes. 

Prior to the identification of caveolin-3, we looked for expres- 
sion of caveoiin- 1 in skeletal muscle fibers by immunofluores- 
cence microscopy using four different caveolin-1 -specific anti- 
bodies. Caveolin-1 expression was detected in surrounding 
endothelial cells, but not in skeletal muscle fibers.^ explaining 
the apparent detection of small amounts of caveolin-1 mRNA in 
skeletal muscle tissue (Fig. 1, upper panel). Also, we were 
unable to detect caveolin-1 protein in differentiated or undif- 
ferentiated C2C12 skeletal myoblasts. As muscle cells contain 
caveolae, it appeared that caveolin-1 was not required for the 
formation of skeletal muscle cell caveolae. We also considered 
the possibility that a muscle-specific form of caveoiin might 
exist that was not recognized by available caveolin-1 anti- 
bodies. However, we had no direct evidence to support this 
prediction. Our current observations that caveoiin is a multi- 
gene family and that caveolin-3 mRNA is predominantly ex- 
pressed in muscle tissues and differentiated C2C12 myoblasts 
may explain our inability to detect caveolin-1 in skeletal mus- 
cle fibers and C2C12 cells. Thus, a failure to detect caveolin-1 
expression should not be interpreted as an absence of caveolae. 
For example, based on a lack of caveolin-1 expression, other 
investigators have concluded that caveolae do not exist in lym- 
phocytes and neurons (43, 44). However, this predates the 
observation that caveoiin is actually a multigene family of 
immunologically distinct but homologous molecules. Thus, 
other as yet undiscovered caveoiin genes may exist that are 
expressed in lymphocytes and neuronal cells. 

What could be the functional significance of caveoiin diver- 
sity? Cell fractionation studies indicate that caveolin-1 copuri- 
fies with signal transducers, including G-proteins (7-12, 17. 
23). Using an In vitro binding assay, caveolin-1 interacts di- 
rectly with inactive G-protein a-subunits; this G-protein bind- 
ing activity is located within residues 82-101 of the cytoplas- 
mic N-terminal domain of caveolin-1 (17). A polypeptide 
containing caveolin-1 residues 82-101 functionally suppresses 
the basal activity of purified trimeric G-proteins by inhibiting 
GDP/GTP exchange, acting as a GDI for trimeric G-proteins 
(17). Conversely, the corresponding polypeptide from caveo- 
lin-2 acts as a GAP (24). As both caveolin-1 and caveolin-2 are 
coexpressed within the same cells, we have proposed that they 
could act in concert to recruit and sequester G-proteins in the 
GDP-liganded conformation within caveolae for presentation to 
activated G-protein-coupled receptors (24). More specifically, 
we have postulated that caveolin-2 would act first as a GAP to 
actively place the G-protein in the inactive GDP-bound state, 
and caveolin-1 would then act as a GDI to hold the G-protein in 
the inactive conformation by preventing GDP/GTP exchange 
(24). Here, we find that the corresponding caveoiin- 3-derived 
polypeptide has both activities found separately in caveolin-1 
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and caveolin-2: at nanomolar concentrations, the caveolin-3- 
derived polypeptide acts to stimulate the GTPase activity of 
purified trimeric G-proteins, and at micromolar concentrations, 
it suppresses their GTPase activity. Thus, caveolin-3 might 
subsume the functional roles of both caveolin-l and caveolin-2 
in certain muscle cell types. 

We have previously evaluated the effect of over 200 polypep- 
tides on the functional activities of purified trimeric G-proteins 
(39, 45-50), and the caveolin-derived peptides (Refs. 17 and 24 
and this report) are the only polypeptides that produce GDI 
and/or GAP activities. However, many receptor-derived 
polypeptides contain GDP dissociation stimulator activity as 
expected, stimulating both GTPase activity and GTP7S bind- 
ing at micromolar concentrations (39, 45-50). 

It has been known for many years that caveolae are morpho- 
logically abundant in all muscle cell types (smooth, cardiac, 
and skeletal) (51-58). This appears to be relevant to the patho- 
genesis of Duchenne's muscular dystrophy. More specifically, 
(i) dystrophin has been localized to plasma membrane caveolae 
in smooth muscle cells (59), and (ii) skeletal muscle caveolae 
undergo characteristic changes in size and their distribution in 
patients with Duchenne's muscular dystrophy, but not in other 
forms of muscular dystrophy examined (60). This indicates that 
caveolae may play an important role in muscle biology. In this 
regard, future studies on caveolin-3 should help to elucidate 
the role of caveolae in muscle cell membrane biology. 
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In cardiac myocytes, as well as specialized conduc- 
tion and pacemaker cells, agonist binding to musca- 
rinic acetylcholine receptors (mAchRs) results in the 
activation of several signal transduction cascades in- 
cluding the endothelial isoform of nitric-oxide synthase 
(eNOS) expressed in these cells. Recent evidence indi- 
cates that, as in endothelial cells, eNOS in cardiac myo- 
cjrtes is localized to plasmalemma caveolae, specialized 
lipid microdomains that contain caveoIin-3, a muscle- 
specific isoform of the scaffolding protein caveolin. In 
this report, using a detergent-free method for isolation 
of sarcolemmal caveolae from primary cultures of adult 
rat ventricular myocytes, we demonstrated that the 
muscarinic cholinergic agonist carbachol promotes the 
translocation of mAchR into low density gradient frac- 
tions containing most myocyte caveolin-3 and eNOS. 
Following isopycnic centrifugation, the different gradi- 
ent fractions were exposed to the muscarinic radioli- 
gand [^Hlquinuclidinyl benzilate (QNB), and binding 
was determined after membrane filtration or immuno- 
precipitation. In a direct radioligand binding assay, we 
found that pHlQNB binding can be detected in caveolin- 
enriched fractions only when cardiac myocytes have 
been previously exposed to carbachol. Furthermore, 
most of this [^HIQNB binding can be specifically immu- 
noprecipitated by an antibody to the m2 mAchR, indi- 
cating that the translocation of this receptor subtype is 
responsible for the [^HJQNB binding detected in the low 
density fractions. Moreover, the [^HIQNB binding could 
be quantitatively immunoprecipitated from the light 
membrane fractions with a caveolin-3 antibody (but not 
a control IgGl antibody), confirming that the m2 mAchR 
is targeted to caveolae after carbachol treatment. Im- 
portantly, atropine, a muscarinic cholinergic antago- 
nist, did not induce translocation of m2 mAchR to caveo- 
lae and prevented receptor translocation in response to 
the agonist carbachol. Thus, dynamic targeting of sar- 
colemmal m2 mAchR to caveolae following agonist bind- 
ing may be essential to initiate specific downstream sig- 
naling cascades in these cells. 
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The activation of a muscarinic acetylcholine receptor 
(mAChR)^ triggers a number of signal transduction pathways 
that, in the heart, may elicit both positively and negatively 
inotropic and chronotropic effects (1, 2), Recent studies have 
shown that, of the five mAchR subtypes identified to date, only 
the ml and m2 subtypes are expressed in adult mammalian 
cardiac tissues (3, 4). According to these reports, the m2 
HiAchR, which is expressed at a much higher level than the ml 
mAchR, triggers the inhibitory response while ml receptor 
activation elicits, when stimulated by higher concentrations of 
agonist, a compensatory excitatory effect on heart fiinction. 
Therefore, distinct downstream signaling cascades must be 
involved following ml and m2 mAchR activation. Both ml and 
m2 receptor subtjrpes also have been reported to undergo trans- 
location into specific subcompartraents derived from the 
plasma membrane (5-10), a characteristic of many G protein- 
coupled receptors (GPR) following agonist binding. To date, two 
major pathways for GPR clustering and sequestration have 
been reported, which involve plasma membrane modifications 
that lead to the formation of either clathrin-coated or non- 
coated vesicles (11). While the human muscarinic cholinergic 
receptor Hml has been shown to internalize via clathrin-coated 
vesicles (10), mAchR have also been shown to be internalized 
through non-clathrin-coated vesicles in human fibroblasts, al- 
though the identity of these vesicular structures has not been 
defined (6). 

Recently, a clathrin-independent sequestration pathway has 
received attention with the characterization of a population of 
plasmalemmal vesicles termed caveolae. Caveolae are small 
flask-shaped invaginations of the plasma membrane character- 
ized by high levels of cholesterol and glycosphingolipids (12), 
the principal scaffolding protein of which are the caveolins, 
20-24 kDa integral membrane proteins that undergo homo- 
oligomerization (13). These specialized lipid microdomains 
have been shown to play a role in the compartmentation of a 
number of plasma membrane-linked signal transduction path- 
ways, including those mediated by receptor tyrosine kinases 
(14, 15). In addition, a recent report by Parton et at. (16) 
provides additional evidence that coalescence and fission of 
caveolae may be essential for the development of the T- tubular 
system that is essential for normal intracellular calcium home- 
ostasis and excitation-contraction coupling in cardiac and skel- 
etal muscle. The specific mechanisms involved in receptor se- 
questration may differ among distinct cellular phenotypes. For 
example, several reports have proposed the involvement of 



^ The abbreviations used are: mAchR, muscarinic acetylcholine re- 
ceptors); GPR, G protein-coupled receptor; /3-AR, ^-adrenergic recep- 
tor; eNOS, endothelial isoform of nitric-oxide synthase; NO, nitric ox- 
ide; ARVM, adult rat ventricular myocytes; QNB, 1-quinuclidinyl 
benzilate; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-l-pro- 
panesulfonic acid; Mes, 4-morpholineethanesulfonic acid; MBS, Mes- 
buffered saline; PVDP, polyvinylidene difluoride; TBST, Tris-buffered 
saline with Tween 20; PAGE, polyacrylamide gel electrophoresis. 
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clathrin-coated pits in the mechanism of internalization of 
/3-adrenergic receptors (j3-AR) (17), and yet a recent report 
indicated that in epidermoid A431 cells, ^-AR are clustered 
within caveolae in response to agonist stimulation (18). 

The recent development of antibodies directed against differ- 
ent tissue-specific isoforms of caveolin has permitted a better 
characterization of caveolar microdomains. Using these anti- 
bodies in immunoprecipitation experiments, we have recently 
shown that eNOS, the constitutively expressed isoform of 
nitric-oxide synthase in cardiac myocytes, is targeted to sar- 
colemmal caveolae in cardiac myocytes and endothelial cells 
(19). Interestingly, reports from our laboratory and by others 
have shown that the generation of nitric oxide (NO) is an 
obligate intermediate step in the signal transduction cascade 
involved in the m2 mAchR-mediated inhibitory responses of 
the heart, particularly following /3-adrenergic stimulation (20- 
23). Caveolae may, therefore, constitute the structural frame- 
work within which this signaling cascade operates. Thus, the 
dynamic targeting of agonist-stimulated muscarinic choliner- 
gic receptors to caveolae in cardiac myocytes could facilitate the 
activation of eNOS, which we have shown to be quantitatively 
and specifically associated with caveolin-3, the muscle-specific 
isoform of caveolin (19, 24-26). The co-localization in caveolae 
of this Ca^"*^/calmodulin-dependent NOS isoform with proteins 
known to regulate Ca^"*" homeostasis, including a Ca^'^-ATPase 
and InsPg receptor-like proteins (27), as well as with heterotri- 
meric G proteins (12, 26, 28), suggest that these plasmalemmal 
microdo mains may constitute a platform for the recruitment 
and regulation of the signaling proteins involved in the NO- 
mediated muscarinic cholinergic pathway in heart muscle. 

In this report, we describe experiments designed to explore 
the hypothesis that m2 mAchR are targeted to plasmalemmal 
caveolae upon agonist stimulation in adult rat ventricular myo- 
C3rtes. Using a detergent-free method for caveolae isolation 
followed by isopycnic centrifugation, we provide evidence that 
the m2 mAchR, after agonist stimulation, co-purifies with 
caveoUn-3 and eNOS. Furthermore, we show that the radioli- 
ganded m2 mAchR can be specifically immunoprecipitated 
from these caveolin-enriched fractions using antibodies di- 
rected against caveolin-3. 

EXPERIMENTAL PROCEDURES 

Cell Culture, Lysate Preparation, and Subfractionation — Purified 
adult rat ventricular myocyte (ARVM) primary cultures were plated on 
laminin and cultured for 24 h in a defined medium as reported previ- 
ously (19). ARVM were incubated either with or without carbachol (100 
juiM, 15 min), lysed, and fractionated on sucrose gradients; in some 
experiments (see "Results and Discussion"), myocytes were preincu- 
bated in the presence of 1 atropine (15 min) or 5 mM acetic acid (5 
min) before carbachol treatment. Before harvesting, cells were washed 
extensively with ice-cold phosphate-buffered saline to ensure complete 
removal of drugs. This was validated by the lack of any detectable 
difference in specific [^HJquinuclidinyl benzylate (QNB) binding levels 
(see below) in total lysates of ARVM, whether treated or not with a 
muscarinic agonist or antagonist. 

ARVM were scraped in a freshly prepared solution of 200 mM 
NaaCOg and lysed by sonication (three 5-s bursts, minimal output 
power) using a Brsmson sonifier 450 (Branson Ultrasonic Corp., Dan- 
bury, CT), according to a method modified from Song et al (26). The cell 
lysate was then adjusted to 45% sucrose by addition of a sucrose stock 
solution prepared in MBS (25 mM Mes, pH 6.5, 150 mM NaCl) and 
placed at the bottom of a 5-15-25-35% discontinuous sucrose gradient 
(in MBS containing 100 mM NaaCOg) for an overnight ultracentrifuga- 
tion (150,000 g). The gradient was fractionated in nine fractions corre- 
sponding to sucrose concentrations 5, 15, 25, 35, and 45%, and the four 
intermediate interfaces. Each fraction was neutralized with HCl before 
further analysis. 

SDS-PAGE and Immunoblotting—Keat-denatnTed proteins were 
loaded and separated on 12% SDS-polyacrylamide gels (Mini Protean 
II, Bio-Rad) and transferred to a PVDF membrane (Bio-Rad). After 
blocking with 5% non-fat dry milk in Tris-buffered saline with 0,1% 
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(v/v) Tween 20 (TBST), membranes were incubated with the specified 
primary antibody (Transduction Labs) for 1 h in TBST containing 1% 
non-fat dry milk. After six washes (10 min each), the membranes were 
incubated for 1 h with a horseradish peroxidase-labeled goat anti- 
mouse immunoglobulin secondary antibody (Jackson ImmunoResearch 
Labs) at a 1:10,000 dilution in TBST containing 1% non-fat dry milk. 
After five additional washes, the membranes were rinsed once in TBST, 
incubated with a chemiluminescent reagent according to the manufac- 
turer protocols (Renaissance, NEN Life Science Products), and exposed 
to x-ray film. 

Membrane Markers — Mannosidase II activity was determined by 
hydrolysis of p-nitrophenyl-a-D-mannopyranoside (Sigma) with vol- 
umes reduced to facilitate the assay in 96-well plates, as described 
previously (29). After incubation at 37 *C for 1 h followed by quenching 
with 100 mM NaOH, absorbance was measured at 405 nm using a 
Microplate Reader (SLT Lab Instruments). [^H] ouabain (NEN Life 
Science Products) binding was determined as described (30); nonspecific 
binding was estimated in the presence of 1 mM ouabain (Sigma). Mem- 
branes were collected on Whatman GF/B fiber filters, washed twice 
with chilled Tris-HCl, pH 7.4, and the radioactivity was determined in 
a scintillation counter. Protein amounts, mannosidase activity and 
PH] ouabain binding are expressed as percent of total protein, of total 
activity, and of total specific [^Hlouabain binding, respectively. 

Radioligand Experiments and Immunoprecipitation — The gradient 
fractions (buffered at pH 7.4) were adjusted to 5 mM MgClg, 1 mM 
EGTA, 1 /mg/ml leupeptin, 1 fig/ml pepstatin, and 1 mM phenylmethyl- 
sulfonyl fluoride, and aliquots of the different fractions were incubated 
with 2 nM [^HIQNB (NEN Life Science Products) at 30 "C for 60 min; 
nonspecific binding was determined in the presence of 1 ^lM atropine. 
Assays were performed in triplicate and terminated by rapid filtration 
on Whatman GF/B filters or followed by an immunoprecipitation pro- 
tocol (adapted fi'om those in Refs. 31 and 32). For these immunopre- 
cipitation experiments, the binding buffer also contained 1% digitonin 
and 0.2% CHAPS; nonspecific PHIQNB binding was determined by 
performing all the steps of the immunoprecipitation protocol in the 
presence of 1 /uiM atropine. After sequential incubations of the [^H]QNB- 
bound receptors with an antibody directed against the m2 mAchR (4 h, 
4 *C, Chemicon) and agarose-conjugated protein-G (1-2 h, 4 "O, immu- 
nocomplexes were precipitated by centrifugation, washed four times 
with 25 mM Mes buffer containing 1% digitonin and 0.2% CHAPS, and 
resuspended in 1% SDS. A similar protocol was used for the immuno- 
precipitation with the caveolin-3 antibody (Transduction Labs) except 
that binding and washing buffers did not contain digitonin. The isoform 
specificity and lack of cross-reactivity of the caveolin (19, 24-26) and 
muscarinic (32) antibodies have been estabUshed previously. Moreover, 
the specificity of the caveolin-3 immunoprecipitation was established by 
comparing the PHIQNB binding detected from immunoprecipitates 
performed using a non-immune idiotype-specific purified mouse my- 
eloma IgGl (Zymed). In all the experiments described here above, 
samples were transferred in counting vials containing 10 ml of scintil- 
lant, and the radioactivity was determined in a liquid scintillation 
counter. 

RESULTS AND DISCUSSION 
Caveolae Isolation by Subcellular Fractionation of Cardiac 
Myocytes — Caveolin-enriched membranes have been histori- 
cally isolated on the basis of their insolubility in Triton due to 
their specialized lipid composition (12, 33). However, it has 
been reported recently that the inclusion of detergent can re- 
sult in the loss of proteins normally associated with caveolae 
(26, 34), as well as in apparent redistribution of mitochondrial 
and endoplasmic reticulum proteins into caveolae (35), There- 
fore, for isolating caveolae from cardiac myocytes, we have 
optimized a detergent-free purification method based on the 
resistance to extraction of caveolin complexes by sodium car- 
bonate and on the fine disruption of cellular membrane by 
sonication (18, 26). Thus, after homogenization of ARVM in a 
sodium carbonate buffer, the lysate was adjusted to 45% su- 
crose and placed at the bottom of a 5-15-25-35% discontinuous 
gradient for an overnight ultracentrifugation. Aliquots of the 
different fractions collected were separated by SDS-PAGE, 
transferred onto PVDF membranes, and immunoblotted with 
anti-caveolin-3 or anti-eNOS antibodies. The immunoblots pre- 
sented in Fig. LA show that the majority of caveolin-3 and 
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Fig. 1. Fractionation of cardiac myocytes. A, distribution of 
caveolin-3 and eNOS proteins. After isopycnic centrifugation of adult 
rat ventricular myocytes on sucrose gradients as described in the text, 
aliquots of 1 ml-fractions were resolved by SDS-PAGE (12.5% acrylam- 
ide), transferred onto PVDF membranes, and immunoblotted with an 
anti-caveoUn-3 antibody or eNOS antibody. Fraction 1 refers to the top 
of the gradient. These data represent the result of a typical fraction- 
ation experiment. B, distribution of protein (A), plasma membrane (O), 
and Golgi (•) markers along sucrose density gradient. The mannosi- 
dase II activity and the pHJoubain binding have been used as specific 
markers of the Golgi and the plasma membrane, respectively. Fraction 
1 refers to the top of the gradient. The data represent the results of 
typical fractionation procedures with individual measurements per- 
formed in triplicate. 



eNOS in ventricular myocytes appears in fractions 2 and 3, 
which correspond to the 5-15% sucrose equilibrium densities. 
This co-purification of eNOS and caveolin-3 is in agreement 
with our previous data on the co-immunoprecipitation of these 
two proteins from CHAPS-solubilized cardiac myocyte ly sates 
(19) and on the co-isolation of eNOS and caveolin-1 in endothe- 
lial cells (36). 

The gradient fractions were also analyzed for their protein 
content as well as for the presence of mannosidase II, as a Golgi 
marker (29), and for the level of specific [^HJoubain binding 
(30), as a specific marker of (Na'^, K"^)-ATPase, a relatively 
evenly distributed enz3rme at the sarcolemmal surface of car- 
diac myocytes. As shown by the pattern of distribution of these 
markers across the gradient (Fig. IB), the bulk of cellular 
protein that equilibrates at the high sucrose density (fractions 
7-9), corresponds to Golgi and sarcolemmal membranes. The 
small amount of caveolin-3 and eNOS associated with these 
high density fractions (Fig, lA) is probably due to some asso- 
ciation of both proteins with the trans-Golgi network (37) or to 
incomplete cell lysis prior to sucrose density gradient 
centrifugation. 

Agonist-induced Targeting of Muscarinic Cholinergic Recep- 
tor to Caveolin-enriched Fractions — We next explored the ef- 
fects of carbachol, a muscarinic cholinergic agonist, on the 
distribution of mAchR using the centrifugation protocol de- 
scribed above, to determine if a change in receptor subcellular 
localization was induced by agonist binding. The following ex- 
periments were performed on primary cultures of ARVM ex- 
posed to 100 /jtM carbachol for 15 min. After extensive washing, 



myocytes were lysed and submitted to isopycnic centrifugation 
on a sucrose gradient. Aliquots of the different fractions ob- 
tained were incubated with pH]QNB, a muscarinic antagonist 
radioligand, at 30 *C for 60 min. In a first set of experiments, 
membranes were directly filtered on Whatman GF/B glass 
filters. As shown in Fig, 2A, in lysates prepared from untreated 
myocytes, the binding of PH]QNB is only detected in the high- 
density fractions. In contrast, following carbachol treatment, 
27.4 ± 3.3% of the [^H]QNB binding (n = 6) can be recovered in 
the low-density fractions 2 and 3, which correspond to the 
caveolin-enriched membranes (Fig. lA). The rest of the 
PHIQNB binding remains concentrated in fractions 7-9 and 
likely represents binding to non-caveolar sarcolemmal musca- 
rinic receptors. 

In a second series of experiments, we used a complementary 
approach to explore the carbachol-induced shift in pHjQNB 
binding. The different fractions collected after isopycnic cen- 
trifugation were immunoprecipitated using an m2 mAchR an- 
tibody, and the amount of specific [^H]QNB binding in each 
immunoprecipitate was determined. As shown in Fig. 2B, the 
pattern of distribution of m2 mAchR is similar to that directly 
deduced from the PHIQNB binding to each fraction (Fig. 2A) 
with, however, a more accentuated shift of pH]QNB bound m2 
mAchR toward the low density fractions when myocytes have 
been exposed to carbachol. 34.6 ± 3.9% in = 6) of the pH]QNB 
binding is now detected in the caveolar fractions 2 and 3. 
Importantly, when ARVM are preincubated with 1 ptM atropine 
before carbachol treatment (Fig. 2C), the enrichment of the m2 
mAchR in fractions 2 and 3 is no longer observed, thereby 
indicating the specificity of the agonist-mediated clustering 
process. Interestingly, in a previous study, Raposo et at. (6) 
reported that treatment of human fibroblasts, either with a 
muscarinic cholinergic agonist or with the muscarinic cholin- 
ergic antagonist atropine, triggered the redistribution of the 
Hml mAchR into specific regions of the plasma membrane, 
presumably caveolae, and that only longer exposures with the 
agonist lead to the receptor endocytosis. Furthermore, Tolbert 
and Lameh (10) showed, using immunofluorescence confocal 
microscopy, that the Hml mAchR, after agonist stimulation, 
are internalized via clathrin-coated vesicles in HEK cells stably 
transfected with the epitope-tagged Hml receptors. Together 
with the data reported here, these results suggest that the 
extent and the mode of receptor compartmentation in response 
to agonist stimulation may be governed by both the receptor 
subtype and the cell type in which it is expressed. 

In our experimental conditions, it is unlikely that clustering 
of the m2 mAchR into coated pits can explain the shift in 
mAchR into lower density sucrose gradients. Indeed, evidence 
from the literature indicates that the equilibrium density of 
clathrin-coated pits is higher than that of caveolae (38) and 
therefore would not match the pattern of distribution of carba- 
chol-stimulated muscarinic receptors obtained in Fig. 2, A and 
B. Furthermore, when myocytes are pre-incubated with 5 mM 
acetic acid, pH 5.0, a treatment known to disrupt clathrin- 
mediated endocytosis (39), a movement of m2 mAchR into 
caveolin-enriched fractions is still detected (Fig. 2C). 

Immunoprecipitation by Caveolin-S Antibody of Agonist- 
stimulated Muscarinic Cholinergic Receptors — To confirm the 
dynamic targeting of muscarinic receptors to caveolae in car- 
diac myocytes, we used a caveolin-3 antibody to immunopre- 
cipitate caveolar membranes and identify the m2 mAchR by 
radioligand binding assays. In these studies, cardiac myoc5rtes 
preincubated either with or without carbachol were lysed and 
fractionated on sucrose gradients, and the fractions corre- 
sponding to caveolae were pooled and incubated with pH]QNB. 
After subsequent incubation with either an anti-caveolin-3 an- 
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Fig. 2. Agonist-induced translocation of muscarinic receptors 
in cardiac myocytes. The presence of muscarinic receptors in each 
fraction is determined by the amount of specific PH]QNB binding 
detected by harvesting membranes on Whatman glass filters (A) or by 
immunoprecipitation with anti-m2 antibodies (B, C); control and car- 
bachol (100 fiM, 15 min) conditions are symbolized by open (O) and 
closed (#, ■) symbols, respectively. In panel C, the incubation in 
presence of carbachol (100 /am, 15 min) was preceded by a 15-min 
incubation with atropine 1 fiM (A) or a 5-min incubation with 5 mM 
acetic acid, pH 5.0 (■). For each condition, nonspecific binding was 
determined in the presence of 1 ^ atropine. The data are expressed as 
the percent of total specific [^H]QNB binding and are representative of 
those obtained in three to six experiments. 
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Fig. 3. Caveolin-immunoprecipitation of agonist-stimulated 
muscarinic receptors. Low density caveolin-enriched fractions (frac- 
tions 2 and 3, see Fig. 1) isolated from cardiac myocytes pretreated with 
or without carbachol (100 ^iM, 15 min) were incubated with ['HIQNB at 
30 *C for 30 min and immunoprecipitated using an anti-caveolin-3 or 
nonspecific IgGl antibody. Total and nonspecific PHIQNB binding were 
determined by performing immunoprecipitations in the absence or 
presence of 1 piM atropine. The results represent the specific [^HjQNB 
binding (± S.E., n - 3-5; *, p < 0.01 versus all other conditions) 
determined from each immunoprecipitation and are expressed as 
cpm/mg of protein. 

tibody or a nonspecific IgGl antibody and agarose-conjugated 
protein-G, immunocomplexes were collected by centrifugation, 
and radioactivity was determined in a scintillation counter. 

As summarized in Fig. 3, in the absence of carbachol treat- 
ment, there was no significant immunoprecipitation of 
PH]QNB binding by caveoIin-3 antibodies since the level of 
PHIQNB binding was similar to that obtained when using the 
nonspecific IgGl for the immunoprecipitation. In contrast, fol- 
lowing agonist treatment, a substantial fraction of specific 
pHjQNB binding can be immunoprecipitated by anti-caveo- 
lin-3 antibodies (Fig. 3); no change in caveolin-3 expression was 
observed after carbachol treatment (not shown). In fact, 73 ± 
5% in = 3) of the pHJQNB binding originally present in pooled 
fractions 2 and 3 (determined by direct filtration on Whatman 
GF/B glass filters) could be recovered after anti-caveolin-3 im- 
munoprecipitation. Similar experiments (not shown) per- 
formed on fractions 7-9, which correspond to the bulk of 
plasma membrane (80-95% of total protein when pooled to- 
gether), did not reveal any specific PH]QNB binding in the 
caveolin-3 immunoprecipitate, in agreement with the low 
abundance of caveolin-3 in these fractions (see Fig. lA). Impor- 
tantly, in myocytes incubated with carbachol in the presence of 
the muscarinic antagonist atropine, the pH]QNB binding im- 
munoprecipitated by anti-caveolin-3 antibodies remained at 
the level detected in a control immunoprecipitation performed 
with a nonspecific IgGl. This is in agreement with the data 
shown in Fig. 2C in which no significant binding was detected 
in the anti-m2 mAchR immunoprecipitates fi*om caveolar frac- 
tions of myocytes incubated with carbachol in the presence of 
atropine. Taken together, these data establish that the m2 
mAchR redistributes to plasmalemmal caveolae of cardiac myo- 
cytes following agonist binding. 

The dynamic targeting of the m2 mAchR to caveolae has 
important implications for muscarinic receptor biology as well 
as for the regulation of eNOS activation. Although several 
laboratories have reported evidence for the translocation to low 
density gradient firactions of the muscarinic receptors upon 
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agonist stimulation (5-7), there are, to our knowledge, no data 
in the literature that address the specific nature of these "light 
membranes." The co-purification and co-immunoprecipitation 
(this study, and also see Refs. 19 and 36) of caveolin, eNOS, and 
the agonist-stimulated m2 mAchR in isopycnic centrifugation 
fractions, which together represent less than 5% of the total 
amount of protein, indicate that caveolae are the common 
structural platform for these proteins. Together with immuno- 
electron microscopy data showing that, in A431 cells, j3-AR are 
sequestrated within caveolae in response to agonist stimula- 
tion (18), our data indicate that clathrin-coated pit formation 
can no longer be considered as the exclusive pathway for clus- 
tering G protein-coupled receptors within specialized plasma- 
lemmal microdomains. The fate of caveolar j3-AR and mAchR is 
uncertain, since it is not clear whether caveolae pinch off firom 
the plasma membrane and lead to early endosomes. If this is 
the case, it suggests that dual pathways of receptor internal- 
ization may exist in some cells. 

While numerous studies present the sequestration of G pro- 
tein-coupled receptors after agonist stimulation as a key event 
for initiating a process of desensitization (for review, see Ref. 
40), the data in this manuscript support the hypothesis that, 
following stimulation by agonist, cardiac m2 mAchR transloca- 
tion to caveolae may be necessary to initiate specific down- 
stream signaling cascades. Interestingly, several recent studies 
have shown that internalization of the m2 and m4 mAchR is 
mediated by mechanisms distinct firom the phosphorylation by 
the G protein-coupled receptor kinase (GRK) family known to 
lead to receptor desensitization (41, 42). The translocation of 
muscarinic receptors within caveolae should allow their inter- 
action with the heterotrimeric G protein complexes known to be 
concentrated within these plasmalemmal microdomains (12, 
26, 28) and lead, after recruitment of co-factors and interme- 
diate effector proteins, to the activation of eNOS, a resident 
caveolar protein in cardiac myocytes. Analysis of caveolin-en- 
riched fractions to identify additional signaling molecules in- 
volved in the muscarinic cholinergic stimulation of the NO 
pathway in cardiac myocytes is ongoing in our laboratory. The 
caveolar compartmentation described here for the muscarinic 
cholinergic pathway may serve as a paradigm for other G 
protein receptor-mediated signaling cascades that are targeted 
to caveolae. 
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Caveolae are microdomains of the plasma membrane 
that have been implicated in organizing and compart- 
mentalizing signal transducing molecules. Caveolin, a 
21-24-kDa integral membrane protein, is a principal 
structural component of caveolae membrane in vivo. Re- 
cently, we and other laboratories have identified a fam- 
ily of caveolin-related proteins; caveolin has been re- 
termed caveolin-1. 

Here, we examine the cell-type and tissue-specific ex- 
pression of caveolin-2. For this purpose, we generated a 
novel mono-specific monoclonal antibody probe that 
recognizes only caveolin-2, but not caveolins-1 and -3. A 
survey of cell and tissue types demonstrates that the 
caveolin-2 protein is most abundantly expressed in en- 
dothelial cells, smooth muscle cells, skeletal myoblasts 
(L6, BC3H1, C2C12), fibroblasts, and 3T3-L1 cells differ- 
entiated to adipocytes. This pattern of caveolin-2 pro- 
tein expression most closely resembles the cellular dis- 
tribution of caveolin-1. In line with these observations, 
co-immunoprecipitation experiments with mono-spe- 
cific antibodies directed against either caveolin-1 or 
caveolin-2 directly show that these molecules form a 
stable hetero-oligomeric complex. The in vivo relevance 
of this complex was further revealed by dual-labeling 
studies employing confocal laser scanning fluorescence 
microscopy. Our results indicate that caveolins 1 and 2 
are strictly co-localized within the plasma membrane 
and other internal cellular membranes. Ultrastructur- 
ally, this pattern of caveolin-2 localization corresponds 
to caveolae membranes as seen by immunoelectron mi- 
croscopy. Despite this strict co-localization, it appears 
that regulation of caveolin-2 expression occurs inde- 
pendently of the expression of either caveolin-1 or 
caveolin-3 as observed using two different model cell 
systems. Although caveolin-1 expression is down-regu- 
lated in response to oncogenic transformation of NIH 
3T3 cells, caveolin-2 protein levels remain unchanged. 
Also, caveolin-2 protein levels remain unchanged during 
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the differentiation of C2C12 cells from myoblasts to 
myotubes, while caveolin-3 levels are dramatically in- 
duced by this process. These results suggest that expres- 
sion levels of caveolins 1, 2, and 3 can be independently 
up-regulated or down-regulated in response to a variety 
of distinct cellular cues. 



Caveolae are small omega-shaped indentations of the plasma 
membrane that have been implicated in signal transduction 
and vesicular transport processes (1, 2). Caveolae are found in 
most cell tjrpes but are extremely abundant in terminally dif- 
ferentiated cell t3^es: adipoc3rtes (3-5), simple squamous epi- 
thelia (type I pneumocytes and endothelial cells) (6), smooth 
muscle cells (7), and fibroblasts (8). Caveolin, a 21-24-kDa 
integral membrane protein, is a principal structural component 
of caveolae membranes in vivo (9-13). 

Several independent lines of evidence suggest that caveolin 
functions as a scaffolding protein within caveolae membranes. 
Caveolin forms a high molecular mass oligomeric complex (14, 
15) that is thought to represent the assembly unit of caveolae 
membranes (16), and recombinant expression of caveolin in 
caveolin-negative cells is sufficient to drive the formation of 
caveolae-sized vesicles (17-19). As caveolin interacts directly 
with cholesterol (20, 21) and glyco-sphingolipids (22), it has 
been proposed that the caveolin-mediated selection of endoge- 
nous lipid components could provide the driving force for caveo- 
lae formation (18). 

Loss or dramatic reduction of caveolin expression and caveo- 
lae occurs in NIH 3T3 cells transformed by activated oncogenes 
other than v-Src (23). Caveolin expression was monitored in 
normal NIH 3T3 cells and compared with NIH 3T3 cells trans- 
formed with known oncogenes, such as bcr-abl, v-abl, middle T 
antigen, and activated Ras. In all cases, quantitation of caveo- 
lin protein expression revealed that the caveolin levels were 
dramatically reduced, from 25- to 100-fold depending on the 
specific oncogene examined. Transformed cells that expressed 
little or no caveolin did not contain any caveolae, as visualized 
by transmission electron microscopy (23). In addition, caveolin 
expression levels correlated inversely with the ability of these 
cells to grow in soft agar. That is, the cells expressing the least 
amount of caveolin and containing no detectable caveolae 
formed the largest colonies in soft agar. These results identify 
caveolin as a candidate tumor suppressor gene (23). 

Recently, we have expressed caveolin in oncogenically trans- 
formed cells under the control of an inducible expression sys- 
tem (19). Regulated induction of caveolin expression was mon- 
itored by Western blot analysis and immunofluorescence 
microscopy. Our results indicate that the caveolin protein is 
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expressed well using this system and correctly localizes to the 
plasma membrane. Induction of caveolin expression in v-Abl- 
transformed and H-Ras (G12V)-transformed NIH 3T3 cells ab- 
rogated the anchorage-independent growth of these cells in soft 
agar, and resulted in the de novo formation of caveolae as seen 
by transmission electron microscopy (19). Consistent with its 
antagonism of Ras-mediated cell transformation, caveolin ex- 
pression dramatically inhibited both Ras/mitogen-activated 
protein kinase-mediated and basal transcriptional activation of 
a mitogen-sensitive promoter (19). Using an established system 
to detect apoptotic cell death, it appears that the effects of 
caveolin may, in part, be attributed to its ability to initiate 
apoptosis in rapidly dividing cells (19). In addition, we find that 
caveolin expression levels are reversibly down-regulated by two 
distinct oncogenic stimuli. Taken together, our results indicate 
that down-regulation of caveolin expression and caveolae or- 
ganelles may be critical to maintaining the transformed phe- 
notype in certain cell populations (19). 

Caveolin also interacts directly with signaling molecules, 
preferring their inactive conformation. Using a variety of do- 
main-mapping approaches (deletion mutagenesis, glutathione 
iS-transferase fusion proteins, and synthetic peptides), a region 
within caveolin has been defined that mediates the interaction 
of caveolin with itself and other proteins. This cytoplasmic 
41-amino acid membrane proximal region of caveolin is suffi- 
cient to mediate the formation of caveolin homo-oUgomers (14), 
and the C-terminal half of this region (20 amino acids; residues 
82-101) mediates the interaction of caveolin with G-protein a 
subunits, H-Ras, and Src-family tyrosine kinases (24-26). This 
caveolin region preferentially recognizes the inactive conforma- 
tion of these molecules, as mutationally activated subunits 
(G^; Q227L), v-Src, and H-Ras (G12V) fail to interact with 
caveolin (24-26). As this caveolin domain (residues 82-101) is 
critical for caveolin homo-oligomerization and the interaction 
of caveolin with certain caveolae-associated proteins (G-pro- 
teins, H-Ras, and Src-family kinases), we have previously 
termed this protein domain the caveolin-scaffolding domain or 
CSD (25, 27). 

We have suggested that the caveolin scaffolding domain may 
function like other modular protein domains (SH-2, SH-3, PH, 
WW, and others) to generate membrane-boimd oligomeric com- 
plexes that contain signaling molecules and cytoskeletal ele- 
ments (2, 27). In essence, caveolin may act as molecular "vel- 
cro" to nucleate the formation of signal transduction complexes, 
holding these molecules in the off state. These findings would 
also explain the ability of caveolin expression to abrogate the 
anchorage-independent growth of cancerous/transformed cells 
(19). 

Recent studies have shown that caveolin is only the first 
member of a growing gene family of caveolin proteins; caveolin 
has been re-termed caveolin- 1. Three different caveolin genes 
(Cav-1, Cav-2, and Cav-3) encoding four different subtypes of 
caveolin have been described thus far (2). There are two sub- 
types of caveolin- 1 (Cav-la and Cav-1)8) that differ in their 
respective translation initiation sites (28). The tissue distribu- 
tion of caveolin-2 mRNA is extremely similar to caveolin- 1 
mRNA (5). In striking contrast, caveolin-3 mRNA and protein 
are expressed mainly in muscle tissue types (skeletal, cardiac, 
and smooth) (29-31). 

Although caveolins- 1 and -3 are now well-characterized, the 
study of caveolin-2 has been hampered by a lack of caveolin-2- 
specific antibody probes. Here, we have generated and charac- 
terized a novel mAb^ probe that recognizes the caveolin-2 pro- 



^ The abbreviations used are: mAb, monoclonal antibody; pAb, poly- 
clonal antibody; GDI, GDP dissociation inhibitor; PAGE, polyacryl- 



tein but not other known members of the caveolin gene family. 
Using this novel mAb probe, we (i) characterize the cell-type 
and tissue-specific expression of the caveolin-2 protein, (ii) 
report is co-expression, co-localization, and co-immunoprecipi- 
tation with caveolin- 1, a well established caveolar marker pro- 
tein, and (iii) demonstrate that caveolin-2 is localized to caveo- 
lae membranes as seen by immunoelectron microscopy. 

EXPERIMENTAL PROCEDURES 

MatericUs— The cDNAs for caveolins-l, -2, and -3 were as we de- 
scribed previously (5, 30, 32). Antibodies and their sources were as 
follows: anti-caveolin-l IgG (mAb 2297; gift of Dr. John R. Glenney, Jr., 
Transduction Labs); anti-caveolin-l IgG (mAb 2234; gift of Dr. John R. 
Glenney, Jr.); anti-myc epitope IgG (mAb 9E10; Santa Cruz Biotech); 
anti-caveolin-l (pAb; rabbit anti-peptide antibody directed against 
caveolin-1 residues 2-21; Santa Cruz Biotech). A mAb directed against 
caveoUn-3 (clone 26) was as we described previously (29). The anti-GDP 
dissociation inhibitor (GDI) antibody was a gift from Dr. Perry Bickel, 
Whitehead Institute, Cambridge, MA (33). A variety of other reagents 
were purchased commercially: fetal bovine serum (JRH Biosciences); 
pre-stained protein markers (Life Technologies, Inc.); Slow-Fade anti- 
fade reagent (Molecular Probes, Eugene, OR). 

Hybridoma Production — A monoclonal antibody to caveolin-2 was 
generated by multiple immunizations of Balb/c female mice with a 
fusion protein encoding the full-length human caveolin-2 protein. Mice 
showing the highest titer of anti-caveolin-2 immunoreactivity were 
used to create fusions with myeloma cells using standard protocols (34). 
Positive hybridomas were cloned twice by limiting dilution and injected 
into mice to produce ascites fluid. IgGs were purified by affinity chro- 
matography on protein A-Sepharose. These antibodies were produced 
in collaboration with Drs. Roberto Campos-Gonzalez and John R. 
Glenney, Jr. (Transduction Laboratories, Lexington, KY). 

Transient Expression of Caveolin cDNAs in 293T Cells— Constructs 
encoding C-terminally myc-epitope-tagged forms of caveolin-1, -2, or -3 
were as described previously (5, 28, 30). These constructs (-5-10 fig) 
were transiently transfected into 293T cells using standard calcium- 
phosphate precipitation. Forty-eight hours post-transfection, cells were 
scraped into lysis buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton 
X-100, 60 mM octyl-glucoside). Recombinant expression was analyzed 
by SDS-PAGE (15% acrylamide) followed by Western blotting. Epitope- 
tagged forms of caveolins-l, -2, and -3 were detected using the monoclonal 
antibody, 9E10, which recognizes the myc-epitope (EQKLISEEDLN). 

Tissue Western — ^Approximately 200 mg of various mouse tissues 
were lysed in immunoprecipitation buffer and homogenized on ice with 
a Polytron tissue grinder, as described (4). Equal amounts (100 ptg) were 
loaded on an SDS-PAGE gel (12% acrylamide). After transfer to nitro- 
cellulose, the blot was probed with antibodies directed against caveo- 
lins-l, -2, -3 and GDI. 

Immunofluorescence Microscopy — All reactions were performed at 
room temperature. 3T3-L1 fibroblasts were briefly washed three times 
with PBS and fixed for 45 min in PBS containing 3% paraformaldehyde. 
Fixed cells were rinsed with PBS and treated with 25 mM NH4CI in PBS 
for 10 min to quench free aldehyde groups. Cells were then permeabi- 
lized with 0.1% Triton X-100 for 10 min at room temperature and 
washed with PBS, four times at 10 min each. The cells were then 
successively incubated with PBS, 2% BSA containing: (i) a 1:200 dilu- 
tion of anti-caveoUn-2 IgG (mAb 65) and anti-caveolin-l IgG (pAb; 
directed against caveolin-1 residues 2-21), and (ii) lissamine rhodamine 
B sulfonyl chloride-conjugated goat anti-mouse antibody (5 /xg/ml) and 
fluorescein isothiocyanate-conjugated donkey anti-rabbit antibody (5 
pLg/ml). The first incubation was 30 min while primary and secondary 
antibody reactions were 60 min each. Cells were washed three times 
with PBS between incubations. Slides were mounted with Slow-Fade 
anti-fade reagent and observed under a Bio-Rad MR600 confocal fluo- 
rescence microscope. 

Cell Culture Models of Adipocyte and Skeletal Muscle Differentia- 
tion— 3T3'L1 mouse fibroblasts were propagated in 10-cm dishes and 
differentiated according to the conventional protocol (35). C2C12-3 cells 
(36) were derived firom a single colony of C2C12 cells (37) cultured at 
clonal density and display a more stable phenotype than the parental 
cell line. C2C12-3 myoblasts were cultured as described elsewhere (36). 
Briefly, proliferating C2C12-3 cells were cultured in high mitogen 



amide gel electrophoresis; PBS, phosphate-buffered saline; CHO, Chi- 
nese hamster ovary; IPTG, isopropyl-l-thio-/3-D-galactopyranoside; 
Mes, 4-morpholineethanesulfonic acid. 
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medium (Dulbecco's modified Eagle's containing 15% fetal bovine se- 
rum and 1% chicken embryo esctract) and induced to differentiate at 
confluence in low mitogen medium (Dulbecco's modified Eagle's con- 
taining 3% horse serum). Overt differentiation was indicated by the 
assembly of multi-nucleated syncytia, which commenced 36-48 h after 
the cells were switched to low mitogen media. 

Velocity Gradient Centrifugation — Estimation of the molecular mass 
of caveolin-2 was performed as described previously for caveolin-1 (14). 
Briefly, samples were dissociated by incubation with 500 /a1 of Mes- 
buffered saline (25 mM, pH 6.5, 0.15 M NaCl) plus 60 mM octyl-glucoside. 
Solubilized material was then loaded atop a 5-40% linear sucrose 
gradient (4.3 ml) and centrifuged at 50.000 rpm (-340,000 X g) for 10 h 
in a SW-60 rotor (Beckman Instruments, Palo Alto, CA). Note that the 
entire gradient was prepared in MBS plus 60 mM octyl-glucoside. After 
centrifugation, gradient fractions were collected from the top. Molecu- 
lar mass standards for velocity gradient centrifugation were as follows: 
carbonic anhydrase (29 kDa); bovine serum albumin (66 kDa); alcohol 
dehydrogenase (150 kDa); /3-amylase (200 kDa); apoferritin (443 kDa) 
(Sigma). 

Immunoblotting — Samples were separated by SDS-PAGE (15% ac- 
rylamide) and transferred to nitrocellulose. After transfer, nitrocellu- 
lose sheets were stained with Ponceau S to visualize protein bands and 
subjected to immunoblotting. For immunoblotting, incubation condi- 
tions were as described by the manufacturer (Amersham Life Science, 
Inc.), except that we supplemented our blocking solution with both 1% 
bovine serum albumin and 1% non-fat dry milk (Carnation). 

Immunoprecipitation — Immunoprecipitations were carried out using 
protein-A Sepharose CL-4B (Pharmacia Biotech Inc.) as described pre- 
viously (38), with minor modifications. Briefly, cells were lysed in a 
buffer containing 10 mM Tris, pH 8.0. 0.15 M NaCl, 5 mM EDTA, 1% 
Triton X-100, 60 mM octyl-glucoside and subjected to immunoprecipita- 
tion with anti-caveolin-1 (mAb 2234) or anti-caveolin-2 (mAb 65). After 
extensive washing, samples were separated by SDS-PAGE (15% acryl- 
amide) and transferred to nitrocellulose. Blots were then probed with 
IgGs directed against caveoHn-1 (mAb 2297) or caveolin-2 (mAb 65). 

Immunogold Electron Microscopy — The procedures used were as de- 
scribed previously (39). Briefly, samples were fixed in 2% paraformal- 
dehyde in 0.1 M phosphate buffer at pH 7.4 for 24 h at room tempera- 
ture. Cells were transferred in 0.2% paraformaldehyde, scraped, and 
collected. Samples were then processed for cryo-electron microscopy 
using a Leica ultra-cryomicrotome and Diatome diamond knife. Sec- 
tions of 45 nm were cut at - 125 "C and collected with a mixture of 
sucrose and cellulose (40). Cryosections were incubated at room tem- 
perature with antibodies for 30 min, washed, and incubated for 20 min 
with protein A gold. Electron micrographs were made with a JEOL 1010 
electron microscope at 80 kV. 

Immunostaining of Human Skeletal Muscle Tissue — All solutions 
were prepared in PBS. Frozen sections (4-6 ptm) from normal human 
muscle biopsies were fixed with 4% paraformaldehyde and blocked for 
1 h with 5% horse serum and 5% non-fat dry milk. Primary antibodies 
were diluted in blocking solution (1:400) and incubated at 4 "C over- 
night. After washing 4 times, sections were incubated with horseradish 
peroxidase-coi\jugated anti-mouse antibody (diluted 1:1,500) for 2 h at 
4 "C. To visualized bound secondary antibodies, sections were further 
incubated with 3,3'-diaminobenzidine (1 mg/ml) and 0.03% hydrogen 
peroxide. Note that endogenous peroxidase activities were inactivated 
after fixation and prior to antibody incubations. 

RESULTS 

Generation and Characterization of a mAb Probe Specific for 
Caveolins-1, -2, and -3 are distinct gene products 
with different molecular masses, all in the range of ^18-24 
kDa (5, 28, 30, 31). Currently, there are no available antibody 
probes that selectively recognize caveolin-2. Thus, a fusion 
protein carrying the full-length human caveolin-2 protein was 
used to generate a caveolin-2 specific monoclonal antibody 
probe. Fig. 1 {bottom panel) demonstrates the specificity of this 
novel mAb probe; it selectively recognizes caveolin-2, but does 
not recognize caveolin-1 or -3. 

Thus, this novel mAb probe can be used, in conjunction with 
other published antibodies directed against caveolins- 1 and -3 
(28, 29, 41), to study the function and differential expression of 
distinct caveolin gene family members. 

Cell-type and Tissue-specific Expression of the Caveolin-2 
Protein— To identify model cell systems to study caveolin-2, we 
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Fig. 1. Characterization of a mAb probe specific for caveo- 
lin-2. Caveolins- 1, -2, and -3 are distinct gene products with different 
molecular masses, all in the range of -18-24 kDa. C-terminal myc- 
tagged forms of caveolins-1, -2, and -3 were transiently expressed in 
293T cells. Lysates were generated and used to determine the specific- 
ity of caveolin antibody probes by immunoblotting. As a control for 
equal loading, immunoblotting was first performed with mAb 9E10 that 
recognizes the myc-epitope; this antibody reveals all three myc-tagged 
caveolin gene products (top panel). Note that mAb 65 only recognizes 
caveoUn-2 (bottom panel). Molecular weight markers are as indicated. 



examined the expression of caveolin-2 in a variety of commonly 
used cell lines and primary cultured cells (Fig. 2). The expres- 
sion patterns of caveolins-1 and -3 are shown for comparison; 
antibodies to the ubiquitously expressed GDI were used to 
confirm equal loading. Note that caveolin-2 is most widely 
expressed, whereas caveolin-1 shows a more restricted distri- 
bution, and caveolin-3 is found only within a cell line derived 
from skeletal muscle. More specifically, caveolin-2 is most 
abundant in endothelial cells, smooth muscle cells, skeletal 
myoblasts (L6 and BC3H1), fibroblasts, and 3T3-L1 adipocytes. 
Thus, the expression of caveolin-2 protein most closely paral- 
lels the distribution of caveolin-1. Also, it is important to note 
that L6 myoblasts are the only cell line that expresses all three 
caveolins simultaneously. 

To establish the tissue distribution of caveolin-2 protein, we 
prepared extracts from a number of different murine tissues 
(Fig. 3A). The tissue distribution of caveolins-1 and-3 are 
shown for comparison; again, to ensure equal protein loading in 
all lanes, we also probed these blots with anti-GDI antibodies. 
Caveolin-2 is detected mainly in adipose and lung tissues, 
although longer exposures demonstrate a lower level of caveo- 
lin-2 expression in most tissue types. This is consistent with (i) 
our previous work demonstrating that caveolin-2 mRNA is 
most abundant in white adipose tissue, differentiated 3T3-L1 
adipocytes, and lung tissue (5) and (ii) with previous morpho- 
logical evidence suggesting that differentiated 3T3-L1 adipo- 
cytes are a rich source of caveolae (3, 4). 

Caveolin-2 Protein Is Induced during Adipocyte Differentia- 
tion — Cultured 3T3-L1 fibroblasts offer a convenient system to 
study adipocyte differentiation (3). These cells can be induced 
to differentiate over a period of 8 days from precursor fibro- 
blasts into adipocytes. Caveolin-2 protein is strongly induced 
between 2 and 10 days of differentiation (Fig. 3S, top panel). 
Note that the expression of caveolin-2 is induced --'10-20-fold. 
The expression of an adipocyte-specific secretory protein 
(Acrp30; Ref 42) is included as a positive control for the differ- 
entiation process (Fig. 3B, bottom panel). 
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Fig. 2. Expression of caveoliii-2 in 
established cell lines and primary 
cultured cells. 10 fxg of total cellular 
protein extracted from a given cell line (as 
indicated) was separated by SDS-PAGE 
(13% acrylamide gel), transferred to ni- 
trocellulose, and probed with anti-caveo- 
lin-1 IgG (mAb 2297; first panel), anti- 
caveolin-2 IgG (mAb 65; second panel), 
anti-caveolin-3 IgG (mAb 26; third panel), 
and anti-GDI IgG (rabbit polyclonal; 
fourth panel). rat; H, human; B, bovine; 
C, canine; M, murine; and Ch, chicken. 
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Caveolins-1 and -2 Form a Stable Hetero-oligomeric Com- 
plex — Given the similarity between the tissue and cellular dis- 
tributions of caveolins 1 and 2, we wondered whether these two 
distinct caveolin gene products interact in vivo. To address this 
issue, we performed a series of co-immunoprecipitation exper- 
iments. 3T3-L1 adipocytes were lysed and subjected to immu- 
noprecipitation with a mAb directed against caveolin-1 (2234) 
that recognizes a unique N-terminal epitope that is not found 
in other caveolin family members (28). These immunoprecipi- 
tates were then probed by Western analysis using anti-caveo- 
Hn-2 IgG (mAb 65). Conversely, lysates were also immunopre- 
cipitated with IgGs directed against caveolin-2 and then probed 
by Western analysis using anti-caveolin-1 IgG (mAb 2297). 

Fig. 4 demonstrates that mAb 2234 directed against caveo- 
lin-1 (28) can be used to co-immunoprecipitate both caveolins-1 
and -2. In addition, mAb 65 directed against caveolin-2 can be 
used to co-immunoprecipitate both caveolins-1 and -2. This is 
despite the fact that these antibodies are monospecific as de- 
termined by Western blot analysis (Ref. 28, and this report). 
Thus, it appears that caveolins 1 and 2 form a stable complex 
in vivo. 

To estimate the amount of caveolin-2 that forms a complex 
with caveolin-1, a 3T3-L1 adipocyte lysate was divided into two 
parts. Part A was loaded directly onto an SDS-PAGE gel to 
quantitate the total amount of caveolin-2 in the extract. Part B 
was immunoprecipitated with anti-caveolin-1 IgG (mAb 2234). 
Fig. 5 shows that immunoprecipitation of the lysate with anti- 
caveolin-1 IgG (mAb 2234) resulted in a dramatic reduction of 
the caveolin-2 signal by >90%. These results clearly demon- 
strate that under steady-state conditions the bulk of caveolin-2 
is associated with caveolin-1. 

Immunolocalization of Caveolin-2 to the Plasma Membrane 
and Intracellular Membranes: Co-localization with Caveolin- 
1 — To further examine whether caveolins 1 and 2 are physi- 
cally associated as a discrete complex in intact cells, we per- 
formed double-labeling with mAb 65 (caveolin-2 -specific) and 
an anti-caveolin-1 -specific polyclonal IgG directed against a 
unique N-terminal region of caveolin-1 (residues 2-21). These 



two primary antibodies were chosen for double-labeling exper- 
iments as they were elicited in different animal species (mouse 
versus rabbit), minimizing possible cross-reaction of the indi- 
vidual primary antibodies with distinctly tagged secondary 
antibodies, Immunostaining was visualized by traditional flu- 
orescence microscopy. 

The immunostaining pattern obtained in 3T3-L1 fibroblasts 
with caveolin-2 is very similar to immunostaining patterns 
observed previously for caveolins-1 and -3 (data not shown) (5, 
12, 13, 28, 30-32). Many small micro-patches are present 
throughout the cell and along the cell surface. In addition, 
double-labeling experiments employing 3T3-L1 fibroblasts that 
co-express caveolin-1 and caveolin-2 demonstrate significant 
co-localization of these two distinct gene products (not shown). 
The intense immunostaining may represent the leading edge of 
the cell as caveolae are known to be morphologically concen- 
trated in this area of the cell (12). 

As our initial experiments using traditional fluorescence mi- 
croscopy showed co-localization of caveolins 1 and 2, we used 
confocal laser scanning microscopy to more stringently assess 
their co-localization. Fig. 6A shows a series of optical sections 
taken from the top (panel i) to the bottom (panel 10) of a single 
3T3-L1 fibroblast. A stacked composite of these images is pre- 
sented in Fig. 65. Note that in all the optical planes examined, 
caveolins-1 and -2 demonstrate the same pattern of localiza- 
tion, indicating that these two caveolins co-exist within the 
same regions of a given cell. 

Ultrastructural Localization of Caveolin'2 to Caveolae Mem- 
branes by Immunoelectron Microscopy — Using ultrathin cryo- 
sections, we next explored the ultrastructural localization of 
caveolin-2 by immunoelectron microscopy. Fig. 7 shows the 
distribution of caveolin-2 in a fibroblastic cell line (CHO cells, 
panel A) and endothelial cells (panel B) derived fi-om a human 
skin biopsy. In CHO cells, immunogold labeling is specifically 
associated with caveolae (see arrows). In endothelial cells, 
caveolae on both luminal and basolateral sides of the cell were 
stained by immunogold labeling with anti-caveolin-2 IgG (mAb 
65). In contrast, mitochondria, endoplasmic reticulum, the nu- 
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Fig. 3. Western blot analysis of the tissue distribution of 
caveolin-2: induction of caveolin-2 protein during adipocyte dif- 
ferentiation. A, tissue Western. Extracts of mouse tissues were pre- 
pared as described under "Experimental Procedures". In addition, a 
lane containing differentiated 3T3-L1 adipocytes was included as a 
comparison. After SDS-PAGE and transfer to nitrocellulose, blots were 
probed with anti-caveolin IgG. First panel, caveolin-l (mAb 2297); sec- 
ond panel, caveoUn-2 (mAb 65); third panel, caveolin-3 (mAb 26); and 
fourth panel, GDI polyclonal IgG (as a control for equal loading). Caveo- 
Iins-1 and -2 are most abundantly expressed in adipose tissue and 
3T3-L1 adipocytes. Note that the lane containing skeletal muscle is 
underloaded as judged by the low signal obtained for GDI immimoblot- 
ting. B, adipocyte differentiation. 50 /ig of total cellular protein ex- 
tracted from 3T3-L1 fibroblasts and 3T3-L1 adipocytes (days 2, 4, 6, 8, 
and 10) were separated by SDS-PAGE, transferred to nitrocellulose, 
and probed with anti-caveolin- 2 (nxAb 65; top panel) or anti- AcrpSO 
(rabbit polyclonal IgG; bottom panel). Note that caveolin-2 and AcrpSO 
(an adipocyte-specific secretory protein) are both dramatically induced 
during adipocyte differentiation. Acrp30 served as a positive control for 
differentiation. 



cleus, endosomes, intermediate filaments, the basal lamina, 

and erj^hrocytes remained completely unlabeled by this tech- 
nique. Immunogold labeling of caveolae within endothelial cells 
is consistent with our observation that caveolin-2 is abundantly 
expressed in endothelial cells by Western blot analysis (Fig. 2). 

Differential Expression of Caveolins- 1 and -2 in Oncogeni- 
cally Transformed NJH 3T3 Ce/fe— Modification and/or inacti- 
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Fig. 4. Caveolins I and 2 form a stable hetero-oligomeric com- 
plex. 3T3-L1 fibroblasts were lysed and subjected to immunoprecipita- 
tion with anti-caveolin- 1 IgG (mAb 2234) that recognizes a unique 
N-terminal epitope that is not found in other caveolin family members 
(28). These immunoprecipitates were then probed by Western analysis 
using anti-caveolin-2 IgG (mAb 65). Conversely, lysates were also im- 
munoprecipitated with IgGs directed against caveolin-2 (mAb 65) and 
then probed by Western analysis using anti-caveolin- 1 IgG (mAb 2297). 
Immunoprecipitation with anti-caveolin-3 IgG (mAb 26) was included 
as a negative control as the expression of caveoUn-3 is muscle specific. 
Note that anti-caveolin- 1 IgG (mAb 2234) can be used to co-immuno- 
precipitate both caveolins- 1 and -2. In addition, mAb 65 directed 
against caveolin-2 can be used to co-immunoprecipitate both caveo- 
lins-1 and -2. Thus, it appears that caveolins 1 and 2 form a stable 
complex in vivo. 
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Fig. 5. A significant fraction of total caveolin-2 is associated 
with caveolin-l at steady-state. One 10-cm plate of 3T3-L1 adipo- 
cytes was lysed as described under "Experimental Procedures." Prior to 
the immunoprecipitation, 5% of the total lysate was removed (T, Total). 
The remaining 95% was subsequently immunoprecipitated with anti- 
caveolin-1 IgG (mAb 2234); 5% of the resulting immunoprecipitate (P, 
Pellet) and 5% of the remaining supernatant after the extract was 
immunodepleted for caveolin 1 (S, Supernatant) were then analyzed 
by SDS-PAGE AVestem blotting and probed with anti-caveolin-2 IgG. 
Note that >90% of caveoUn-2 was recovered with anti-caveolin-1 IgG 
(mAb 2234). 



vation of caveolin-l expression appears to be a common feature 
of the transformed phenotype. Historically, caveolin-l was first 
identified as a major v-Src substrate in Rous sarcoma virus- 
transformed cells (9). Based on this observation, it has been 
proposed that caveolin-l may represent a critical target during 
cell transformation (9, 10). In direct support of this notion, 
caveolin- 1 mRNA £md protein expression are reduced or absent 
in NIH 3T3 cells transformed by a variety of activated onco- 
genes (such as v-Abl and H-Ras (G12V)); caveolae organelles 
are also missing from these transformed cells (23). However, it 
remains unknown whether caveolin-2 is down-regulated in re- 
sponse to oncogenic transformation. 

Fig. SA shows that while caveolin-l expression is dramati- 
cally down-regulated in v-Abl and H-Ras (G12V)-transformed 
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Fig. 6. Immunolocalization of caveolin-2 in 3T3-L1 fibroblasts 
by laser scanning confocal microscopy. A» cells were doubly immu- 
nostained with a mouse mAb directed against caveolin-2 (mAb 65) and 
a rabbit polyclonal antibody directed against the unique N terminus of 
caveolin-1 (residues 2-21). Bound primary antibodies were visualized 
by incubation with distinctly tagged fluorescent secondary antibodies; 
see "Experimental Procedures." Note that caveolins-1 and -2 are co- 
localized to the same areas of the plasma membrane and internal 
membranes. A series often optical sections from the top (panel 1) to the 
bottom (panel 10) of a single cell are shown. Each individual panel 
shows: left, caveolin-1 immunostaining (FITC, fluorescein isothiocya- 
nate); right, caveolin-2 immunostaining (LRSC, lissamine rhodamine B 
sulfonyl chloride). Note the dramatic co-localization within each optical 
plane. J3, a stacked summation of all ten sections is shown. 

NIH 3T3 cells, caveolin-2 expression remains virtually unaf- 
fected in v-Abl transformed cells and is slightly induced (-2- 
fold) in H-Ras (G12V) transformed cells. As we have previously 
demonstrated that these transformed cells do not contain de- 
tectable caveolae (23), it appears that expression of caveolin-2 
is not sufficient to drive caveolae formation. Thus, caveolin-2 
can be expressed within cells that lack morphologically distin- 
guishable caveolae. 

As caveolin-1 forms a high molecular mass oligomeric com- 
plex (14, 15), we wondered if low levels of caveolin-1 expression 



would affect the oligomeric state of caveolin-2. Thus, we com- 
pared the size of caveolin-2 complexes in normal and v-Abl 
transformed NIH 3T3 cells (Fig. 8B). Our results indicate that 
in v-Abl transformed cells that lack normal levels of caveolin-1 
expression, a significant fraction of caveolin-2 was present in 
the monomeric or dimeric state. This is consistent with our 
previous results demonstrating that recombinant over-expres- 
sion of caveolin-2 in Cos-7 cells yields primarily dimeric and 
monomeric caveolin-2 (5). However, in normal NIH 3T3 cells 
that express caveolin-1, all of the caveolin-2 was present within 
large oligomeric complexes O150 kDa). These results suggest 
that caveolin-1 co-expression facilitates the formation of high 
molecular mass complexes that contain both caveolins 1 and 2. 

The distribution of recombinantly over-expressed caveolin-2 
after transient expression in Cos-7 cells is shown for compari- 
son; recombinant caveoHn-2 was detected using mAb 9E10 that 
recognizes the myc-epitope (Fig. 8B). In contrast to endogenous 
caveolin-2, recombinantly over-expressed caveolin-2 behaves 
mainly as a dimer in these velocity gradients (5). 

Caveolin-1 Embeds Caveolin-2 Tightly within a Hetero-oligo- 
meric Complex — During the course of the current studies, we 
noticed that there are higher levels of caveolin-2 in immuno- 
precipitates generated with anti-caveolin-1 IgG than in immu- 
noprecipitates generated with caveolin-2 IgG directly. Given 
that the anti-caveolin-1 mAb does not cross-react with caveo- 
lin-2, we found this observation quite surprising. 

A possible explanation for this phenomenon is epitope mask- 
ing, in which caveolin-1 binding to caveolin-2 would block ac- 
cess to the epitope recognized by the anti-caveolin-2 IgG. To 
test this hypothesis, we took advantage of a v-Abl-transformed 
cell line that harbors a copy of the caveolin-1 cDNA under the 
control of the lacZ promoter (19). While these cells express very 
low levels of endogenous caveolin-1 due to transformation, 
caveolin-1 expression levels can be dramatically induced in the 
presence of IPTG. 

Fig. 9 shows that in the absence of IPTG, i.e. very low levels 
of caveolin-1, small amounts of caveolin-2 can be recovered 
with anti-caveolin-1 IgG (first lane). Upon induction of caveo- 
lin-1, increased levels of caveoHn-2 can be recovered with anti- 
caveolin-1 IgG in agreement with increased incorporation of 
caveolin-2 into caveolin-1 containing complexes {second lane). 
However, induction of caveolin-1 decreases the amount of 
caveolin-2 signal that can be recovered with anti-caveolin-2 
IgG {third and fourth lanes). 

This observation is in line with our hypothesis that caveo- 
lin-1 binding to caveolin-2 masks the epitope recognized by the 
caveolin-2 IgG. In addition, control experiments confirmed that 
total caveolin-2 levels remained constant before and after in- 
duction of caveolin-1 (not shown). Hence, we conclude that 
caveolin-2 molecules are tightly embedded within the caveo- 
lin-1 oligomer. 

Caveolin-2 Is Constitutively Expressed in C2C12 Myoblasts 
and Afyom6es— Cultured C2C12 cells offer a convenient system 
to study skeletal myoblast differentiation. These cells can be 
induced to differentiate from myoblasts into myotubes bearing 
an embryonic phenotype in low mitogen medium over a period 
of 2 days (36, 37). We and others have previously shown that 
caveolin-3 mRNA and protein are undetectable in precursor 
myoblasts and are strongly induced during myoblast differen- 
tiation (29-31). In contrast, no caveolin-1 expression was de- 
tected in either precursor myoblasts or differentiated myotubes 
(29, 30). These results are consistent with the selective expres- 
sion of caveolin-3 in skeletal muscle and other muscle tissues 
(29-31) and suggest that caveolin-3 may function in muscle 
from the earliest stages of its development. 

As caveolin-2 was expressed in L6 and BC3H1 skeletal myo- 
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Fig. 7. Immunoelectron microscopic localization of caveoUn-2. Ultrathin ciyo-sections were labeled with anti-caveolin-2 IgG (mAb 65) as 
described under **Experimental Procedures.** A, electron micrograph of a fibroblastic cell type (a CHO cell). Note that immunogold labeling is 
specifically associated with caveolae (see arrows). B, electron micrograph of an endothelial cell derived from a human skin biopsy. Note the 
immunogold labeling of caveolae on both luminal and basolateral sides of the endothelial cell. Bars - 200 nm. p, plasma membrane; m, 
mitochondria; cr, endoplasmic reticulum; n, nucleus; c, endosome; i, intermediate filament; closed star, basal lamina, open star, erythrocyte, 

blasts (Fig. 2), we assessed whether caveolin-2 is induced dur- dramatically induced during the transition from myoblasts to 

ing differentiation of C2C12 cells from myoblasts to myotubes. myotubes. These results suggest that the expression of caveo- 

Fig. 10 shows that caveolin>2 levels remained constant during lins 2 and 3 are independently regulated within skeletal muscle 

this process of differentiation. As a positive control for the fibers. 

differentiation process, we also assessed the induction of caveo- Localization of Caveolin-2 within Bona Fide Skeletal Muscle 

lin-3 within the same samples. In contrast, caveolin-3 was Tissue— Given that cayeolin-2 was constitutively expressed in 
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Fig. 8. Expression of caveolin-2 in normal and transformed 
NIH 3T3 cells. A, lysates were prepared from normal and transformed 
(v-Abl and H-Ras (G12V)) NIH 3T3 cells and subjected to immunoblot 
analysis with anti-caveolin-1 IgG (mAb 2297) or anti-caveoUn-2 IgG 
(mAb 65). Note that caveolin-1 expression is dramatically down-regu- 
lated in v-Abl and H-Ras (Gl2V)-transformed NIH 3T3 cells, whereas 
caveolin-2 expression remains virtually unaffected in v-Abl trans- 
formed cells and is slightly induced (-2-fold) in H-Ras (G12V) trans- 
formed cells. Each lane contains ~50 fig of protein lysate. B, velocity 
gradient analysis of caveolin-2. Normal and v-Abl-transformed NIH 
3T3 cells were solubihzed, loaded atop a 5-40% sucrose density gradi- 
ent and subjected to centrifugation for 10 h, as we described previously 
for caveohn-1 (14). The distribution of endogenous caveolin-2 was de- 
tected by immunoblot analysis with anti-caveolin-2 IgG (mAb 65). Ar- 
rows mark the positions of molecular mass standards. The distribution 
of recombinantly over-expressed caveolin-2 after transient expression 
in Cos-7 cells is shown for comparison; recombinant caveolin-2 was 
detected using mAb 9E10 that recognizes the myc-epitope. In contrast 
to endogenous caveolin-2, recombinantly over-expressed caveolin-2 
behaves as a dimer in these velocity gradients as we have shown 
previously (5). 

three distinct myoblast cell lines (L6, BC3H1, and C2C12) and 
within differentiated C2C12 myotubes, we next examined the 
localization of caveolin-2 within human skeletal muscle tissue. 
Fig. 11 shows that caveolin-2 is primarily expressed within the 
endothelial cells that line the blood vessels that run between 
the muscle fibers but not within the myofibers themselves. The 
distribution of caveolin-3 is shown for comparison. Note that 
caveolin-3 immunostaining is confined to the sarcolemma 
(plasma membrane) of the myofibers and is not detected within 
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Fig. 9. Induction of caveolin-1 protein expression promotes 
complex formation between caveolins 1 and 2. v-Abl transformed 
NIH-3T3 cells were transfected with caveolin-1 under the control of an 
IPTG-inducible promoter (19). In this cell line, addition of 5 mM IPTG 
for 24 h dramatically induces the expression of caveohn-1, as we have 
recently described (19). v-Abl cells were lysed before or after induction 
of caveolin-1 expression and subjected to immunoprecipitation with IgG 
directed against either caveolin-1 (mAb 2234) or caveolin-2 (mAb 65). 
After SDS-PAGE and transfer to nitrocellulose, these immunoprecipi- 
tates were analyzed by Western blotting to detect the presence of 
caveolin-2 within these complexes. Note that induction of caveoUn-l 
expression (i) enhances the ability of anti-caveolin-1 IgG to co-immu- 
noprecipitate caveolin-2; and (ii) inhibits the ability of anti-caveolin-2 
IgG to immunoprecipitate caveolin-2. These results suggest that com- 
plex formation between caveolins-1 and -2 can mask the antibody 
epitope that is recognized by anti-caveolin-2 IgG (mAb 65). 

C2C12 Cells 
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Fig. 10. Differential expression of caveolins-2 and -3 in C2C12 
myoblasts and myo tubes. Cell lysates were prepared from C2C12 
myoblasts and myotubes and subjected to immunoblot analysis with 
anti-caveolin-2 IgG (mAb 65) (top panel) or anti-caveolin-3 IgG (mAb 
26) {bottom panel). Note that caveolin-3 expression is selectively in- 
duced during myoblast differentiation while the expression of caveo- 
lin-2 remains unchanged. No expression of caveolin-1 was detected 
using the same cell extracts (not shown). 

any other cell types. Thus, co-expression of caveolins-2 and -3 
in myoblasts and myotubes does not reflect the state of their 
expression within human adult skeletal muscle tissue. 

DISCUSSION 

Caveolins- 1, -2, and -3 are a family of cytoplasmic mem- 
brane-anchored scaffolding proteins that (i) help to sculpt 
caveolae membranes from the plasma membrane proper and 
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Fig. 11. Immunolocalization of caveolins 2 and 3 within bona 
nde skeletal muscle tissue. Two consecutive parallel sections derived 
from a human skeletal muscle biopsy were immunostained with either 
anti-caveolin-2 IgG (mAb 65; top panel) or anti-caveolin-3 IgG (mAb 26; 
bottom panel). Bound primary antibodies were visualized with the 
appropriate horseradish peroxidase-conjugated secondary antibody. 
Note that caveolin-2 is primarily expressed within the endothehal cells 
that line the blood vessels, while caveolin-3 is localized to the sarco- 
lemma (plasma membrane) of the myofibers. 



(ii) participate in the sequestration of inactive signaling mole- 
cules (reviewed within Ref. 2). Although caveolins- 1 and -3 are 
now well-characterized, the study of caveolin-2 has been ham- 
pered by a lack of caveolin-2-specific antibody probes. Only the 
distribution of caveolin-2 mRNA was previously studied, and a 
recombinant epitope-tagged form of the protein has been ex- 
pressed in cultured cells (5). 

Here, we have generated and characterized a novel mAb 
probe that recognizes the native endogenous caveolin-2 protein 
but not other known members of the caveolin gene family. This 
novel probe will greatly facilitate the study of caveolae in 
adipocytes, endothelial cells, and smooth and striated muscle 
cells as caveolin-2 is the most widely expressed caveolin family 
member observed to date. Caveolin-2 is highly expressed in 
many cell lines that fail to express caveolin- 1, suggesting that 
caveolin-2 does not absolutely require caveolin- 1 for its 
expression. 

Immunolocalization of caveolin-2 in 3T3-L1 fibroblasts re- 
veals that caveolin-2 is localized to the plasma membrane and 
internal membranes; this immunostaining pattern strictly co- 
incides with the subcellular distribution of caveolin- 1 within 
the same cell. In line with these observations, co-immunopre- 
cipitation experiments clearly demonstrate that caveolins 1 
and 2 form a stable hetero-oligomeric complex in vivo. This is 
consistent with our previous report demonstrating that the 
mRNA's for caveolins 1 and 2 are co-expressed within the same 
cell types and both mRNA species are co-induced during adi- 
pocyte differentiation (5). 

We have previously described the existence of caveolin- 1 
homo-oligomeric complexes (14). This was at a time when we 
had no concrete evidence for the existence of additional caveo- 
lin genes. A host of experiments prompted us to conclude that 
caveolin- 1 exists as a homo-oligomeric complex. These studies 
were performed mainly in MDCK cells. Interestingly, MDCK 
cells are peculiar in that they express caveolin- 1 but very little 
if any caveolin-2 (See Fig. 2). As such, they are an exception 
since we find here that caveolins-1 and -2 are co-expressed in 



most other cell systems. However, this does explain our initial 
findings that caveolin- 1 forms a homo-oligomeric complex in 
MDCK cells (14). In addition, we have shown that purified 
recombinant caveolin- 1 expressed in E, coll and Sf 21 insect 
cells is sufficient to form caveolin- 1 homo-oligomers of the same 
size as native endogenous caveolin- 1 (14, 18, 21). 

Perhaps surprisingly, we find that the co-expression of 
caveolins 1 and 2 is uncoupled by cellular transformation by 
activated oncogenes, such as v-Abl and activated H-Ras 
(G12V). While caveolin- 1 mRNA and protein levels are down- 
regulated in response to cellular transformation (23), caveo- 
lin-2 protein levels remain relatively unchanged. While these 
cells continue to express caveolin-2 protein (this report), they 
fail to contain detectable caveolae, as we have reported previ- 
ously (23). These observations suggest that caveolin-2 expres- 
sion alone is not sufficient to drive the formation of morpho- 
logically detectable caveolae. However, detergent-insoluble 
caveolin-2-rich domains still exist (in the absence of caveolin- 1) 
that are not distinguishable as "invaginated caveolae" by con- 
ventional transmission electron microscopy. These observa- 
tions suggest that caveolin-rich microdomains may be more 
versatile structures with greater plasticity than previously 
imagined. In support of this idea, we have recently expressed 
caveolin-2 in Sf 21 insect cells using baculo- virus-based vectors. 
Caveolin-2 expression in these insects cells fails to drive the 
formation of caveolae-like vesicles^ while recombinant expres- 
sion of caveolin-1 within the same cell system is sufficient to 
drive the formation of hundreds of uniform caveolae-like vesi- 
cles (50-100 nm in diameter) (18). These results are consistent 
with the idea that caveolin-2 may function as an "accessory 
protein" in conjunction with caveolin-1. 

In many experiments we observed a slightly less abundant 
and faster migrating form of caveolin-2 (See Figs. 2, 3, and 4). 
This may represent a proteol)dic degradation product of caveo- 
Un-2 or may be a translationally produced isoform. As a single 
caveolin-1 mRNA gives rise to caveolin- la and caveolin- 1/3 via 
alternate translation initiation (28), we favor the possibility 
that the faster migrating form of caveolin-2 is also generated as 
a consequence of alternate translation initiation. In support of 
this hypothesis, further sequencing and analysis of the 5' end 
of the human caveolin-2 cDNA reveals an additional initiator 
methionine 13 amino acids upstream (MGLETEKADVQLFM- 

DD ) of the previously reported initiator methionine. The 

updated cDNA sequence can be found under GenBank™ ac- 
cession number U32114. We are currently investigating the 
significance of this upstream initiation site. However, one 
possibility is that this upstream initiator may allow for myris- 
toylation of caveoUn-2 as an N-terminal cytoplasmic MG se- 
quence is a co-translational consensus site for N-myristoyla- 
tion. In addition, these two methionines may serve as alternate 
translation initiation sites to generate two distinct isoforms of 
caveolin-2 (Cav-2a and Cav-2/3). If this is the case, then only 
the longer isoform of caveolin-2 (Cav-2a) would be expected to 
undergo myristoylation. 

Caveolin-3 is a muscle- specific caveolin-related protein that 
is expressed in striated muscle cell types (cardiac and skeletal) 
(29-31). Unlike caveolin-3, caveolin-1 is not expressed in stri- 
ated muscle cells. It was, therefore, surprising to observe caveo- 
lin-2 expression in three skeletal myoblast cell lines (L6, 
BC3H1, and C2C12) and in differentiated C2C12 myotubes. As 
caveolins-1 and -3 are most closely related based on primary 
sequence homology and caveolin-2 is most distant (30), caveo- 
lin-2 may also function in embryonic muscle as a complex with 
caveolin-3. However, we have been unable to demonstrate a 



M. P, Lisanti, unpublished observations. 



Caveolins 1 and 2 Form Stable Hetero-oligomeric Complexes 



29346 

stable association between caveolins 2 and 3 by co-immunopre- 
cipitation (data not shown), as caveolin-2 is not expressed 
within adult skeletal muscle fibers (See Fig. 11). 

Caveolins 1 and 3 may have originated from a common 
ancestor as we have recently identified only two caveolins 
within a elegans, termed Cav^^-1 and Cav^'-2 (43). Cav^*-1 is 
most closely related to mammalian caveolins- 1 and -3; Cav"-2 
is most closely related to mammalian caveolin-2 (43). Thus, 
caveoHn-2 appears to be structurally and functionally con- 
served from worms to man, suggesting an important evolution- 
ary role for caveolin-2 in the regulation of caveolae membranes. 
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